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This  book  is  concerned  with  problems  of  monopulse  radar.  In 
it  are  examined  the  design  principles  and  the  fundamental  functional 
units  of  monopulse  systems  of  direction  finding;  questions  of  accuracy 
and  peso luti on  are  analyzed.  Theoretical  questions  of  the  simulation 
of  monopuise  systems  with  the  aid  of  electronic  computers  are  dis¬ 
cussed;  an  analysis  is  made  of  interference  shielding  of  monopulse 
position  finders  in  the  presence  of  various  forms  of  interference. 
Pields  of  application  are  described  and  the  fundamental  tactical- 
technical  characteristics  are  given  for  some  foreign  monopulse  radars. 

This  book  is  designed  foi*  engineers,  technicians,  and  students 
of  advanced  courses  at  higher  educational  institutions  which 
specialize  in  the  field  of  radar  technology. 

This  book  contains  10  tables,  166-  figures  and  13^  references. 
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INTRODUCTION 

Becawe-  of  the  substantial  increase  in  the-  speed  of  aircraft, 
the  development  of  rocket  and  extraterrestrial  technology,  and  also 
the  improvement  of  jamming  facilities,  accuracy  requirements  have 

S  ,  " 

-become  stricte'E,  also  the  definition  of  angular  coordinates,,  the  rate 
of  data  .processing,  and  the  requirements  for  interference  shielding 
of  radars.  These  requirements,  to  a  certain  extent,  have  been  satis¬ 
fied  by  monopulse  radar  systems  which,  in  the  last  decade,  have  been 
widely  distributed  .abroad. 

Initially,  monopulse  radar  systems  implied  pulsed  radars  which 
accomplished  multichannel  reception  and  were  able,  in  principle,  to 
measure  angular  coordinates  according  to  one  pulse  reflected  from 
the  target.  Subsequently,  this  concept  was  expanded  and  encompassed, 
in  addition  to  pulsed  radar,  radars  with  continuous  and  quasi- 
continuous  modes  of  emission.  ‘Sometimes  systems  with  instantaneous 
comparison  of  signals  are  called  monopulse  systems. 

Because  of  the  Intense  development  of  monopulse  radars,  much  data 
concerning  the  individual  problem  of  monopulse  radar  have  been 
published.  This  inrormation  is  found  mainly  in  articles  and  advertise¬ 
ments,  as  well  as  Various  periodicals  and  patents.  As  of  yet  there 
have  been  no  books  covering  the  subject  of  monopulse  radar  thoroughly. 
Monographs  by  D.  R.  Rhodes  [41]  and  E.  P.  Svirdov  [45],  dedicated  to 
the  general  theory  and  the  comparative  effectiveness  of  several  types 
of  monopulse  systems,  do  not  cover  the  entire  range  of  questions 
which  are  of  interest  to  persons  specializing  in  the  field  of  radar 
and  jamming.  Hellgren's  work  [55]  does  not  touch  upon  a  number  of 
problems  of  practical  importance  in  monopulse  radar. 

>.■  In  this  book  we  have  attempted,  as  much  as  possible,  to  correct 
this  deficiency  in  literature  and  have  arranged  the  chief  problems 
of  monopul®  radar  in  a  systematized  form,  making  this  available  to 
a  wide  cif^Le  of  specialists  in  the  field  of  radar. 
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-We  :have  used  in  this  book  open  material  from  the  foreign  and 
domestic;  press,  as  well  as  information  from  studies  carried  out  by 
the  authors.  Chapters  1  (except  for  §  1.5,  1.6),  2  (except  for 
§  2.55s-  3*9  and  §  5 • ^ »  6.2.1  were  written  by  A.  I.  Leonov.  Chapter 
8  was  written  by  A.  I.  Leonov  with  the  aid  of  V.  N.  Vasenev  and 
P.  V.  Nagulinko.  Chapters  4,  5  (except  for  S  5-4),  6  (except  for 
§  6.2.1),  7  and  S  1.5,  1.6,  and  2.5  were  written  by  K.  I.  Pomichev. 

The  authors  express  their  sincere  appreciation  to  S.  I. 
Krasnogorov  and  E.  P.  Sviridov  for  the^r  valuable  remarks  during 
the  review  of  the  manuspript.  Particular  thanks  are  expressed  to 
E.  F.  Sviridov  for  his  aid  and  helpful  criticism  in  preparing  the 
book  for  print. 
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CHAPTER  I 


THE  PRINCIPLE  AND  METHODS  OF  MONOPULSE  RADAR 

§  1,1.  PRINCIPLE  OP  MONOPULSE  DIRECTION  FINDING 

Determining  the  direction  to  a  target  is  one  of  the  basic  tasks 
of  a  radar. 

Until  recently,  the  most  widely  used  methods  of  determining, 
accurately  and  automatically,  the  direction  to  a  source  of  signals 
were  methods  of  conical,  linear  (planar)  scanning  and  sequential 
switching  of  radiation  patterns,  which  were  performed  by  single¬ 
channel  direction  finders.  Based  on  these  methods,  the  direction 
to  a  source  was  determined  by  a  comparison  of  signals  received 
sequentially  by  antennas  with  various  radiation  patterns.  Character¬ 
istic  of  these  methods  is  also  the  fact  that  angular  information 
about  the  target  is  shaped  in  the  form  of  amplitude  modulation  of 
signals  received.  The  modulation  index  determines  the  value  of 
error  in  direction  finding,  while  the  phase  is  the  direction  of 
antenna  axis  mismatch  with  respect  to  the  direction  to  the  target 
being  worked. 

Since  the  modulation  method  of  angular  error  signal  shaping 
requires  the  reception  of  sequentially  reflected  pulses,  it  is 
sensitive  to  amplitude  fluxuatlon  in  the  signals  received,  generated 
by  random  variations  In  the  effective  scattering  cross  section  of 
the  target.  This  is  one  of  the  most  substantial  deficiencies  of 
single-channel  methods  of  direction  finding,  using  conical  and  linear 
scanning  of  a  beam  or  the  sequential  switching  of  radiation  patterns. 


Recently  achieving,  wide  use:  has  oean  the  monopulse  method,  of 
direction  finding,  with  which  the  reflected  pulse  gives  complete 
information  on  the  angular  position  of  the  target.  This  explains 
the  origin  of  the  term  "monopulse"  (one-pulse)  direction  finding.. 

Since 'in -monopulse  systems  direction  finding,  is  accomplished  with 
one  pulse,  the  amplitude  fluctuations  of  the  reflected  signal  do  not 
have  a  noticeable  effect  on  the  measurement  accuracy  of  angular 
coordinates . 

Multichannel  reception  can  be  used  for  monopulse  direction 
finding.  Therefore,  the  principle  of  monopulse  direction  finding 
lies  in  the  reception  of  signals  reflected  from  a  'target  simultaneously 
along  several  independent  receiving  channels  with  the  subsequent 
comparison  of  their  parameters.  Usually',  two  independent  receiving 
channels  are  provided  for  each  coordinate  plane;  two  channels  for 
azimuth  and  two  channels  for  elevation. 

Originally  the  monopulse  method  was  developed  for  precise 
automatic  target  tracking.  Today  the  monopulse  method  is  also  used 
for  monopulse  surveillance  radar  systems.  Under  surveillance  we 
include  monopulse  systems  which  determine  the  angular  coordinates 
of  all  targets  found  within  the  radiation  pattern  and  which  can  be 
resolved  with  respect  to  range,  for  each  position  of  the  beam  in 
space.  As  a  rule,  electric  beam  control  is  used  in  monopulse  surveil¬ 
lance  systems,  and  they  are  coupled  with  electronic  computers  which 
perform  programmed  control  of  the  beam  position  in  space  in  accor¬ 
dance  with  a  selected  surveillance  method,  determine  the  coordinates 
of  all  targets  located  in  the  beam,  and  plot  their  trajectories. 

// 

There  are  two  basic  methods  of  monopulse  direction  finding,  ' 
depending  upon  the  character  of  the  extraction  of  the  target's 
angular  information  from  the  signals  received:  the  amplitude  method 
and  the  phase  method. 
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In  monopulse  systems  with  amplitude  direction  finding,  in  order 
to  determine  the  angular  coordinate  in  one  plane,  two  intersecting 
antenna  radiation  patterns  are  formed,  spaced  at  an  angle  of 


5 


s 


+6q.  from  the  equisignal  direction  (Fig.  1.1).  Figure  1.1  shows  the 

radiation  patterns  in  the  elevation  plane.  When  the  circuit  deviates 
by  angle  0  from  the  equisignal  direction  (RSN)  and  the  target  is 
found  at  point  A,  the,-  signal  received  along  the  lower  pattern  i3 
greater  than  the  signal  received  along  the  upper  pattern.  The  differ¬ 
ence  in  amplitudes  of  the  signals  received  indicates  the  amount  of 
target  deviation  from  equisignal  direction,  'ihe  sign  of  this  differ¬ 
ence  characterizes  the  direction  of  the  displacement  of  equisignal 
direction  relative  to  the  target.  When  equisignal  direction  coincides 
with  the  target, 'the  amplitudes  of  reflected  signals  received  along 
both  patterns  are  equal,  and  their  difference  reverts  to  zero. 

Target  azimuth  is  determined  similarly  with  the  aid  of  the  azimuth 
channel  of  the  receiver  and  the  second  pair  of  radiation  patterns  in 
the  azimuth  plane. 


Fig.  1.1.  Determining  angular  coordinates  in  monopulse  systems  with 
amplitude  direction  finding. 

In  monopulse  systems  with  phase  direction  finding,  the  direction 
to  target  in  one  coordinate  plane  is  determined  by  a  comparison  of 
phases  of  signals  received  by  two  antennas.  In  the  remote  zone  each 
antenna  irradiates  the  same  volume  of  space,  as  a  result  of  which 
reflected  signals  originating  from  a  point  target  are  virtually 
identical  in  amplitude  but  differ  in  phase.  Figure  1.2  shows  two 
antennas  a  distance  of  l  from  each  other  . 
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The  line  of  sight,  of  the  target  forms  angle  0  with  the.  axis 
perpendicular  to  the  line  connecting  both  antennas,  i.e.,  equisignal 
direction.  The  distance  .between  antenna  1  and  the  target  is 

j  /?,==/?  -|-  -j-  sin  9,  ■ 


and  the  distance  between  antenna.  2  and  the  target  is 

R*=R — ~  sin  9, 


X// 
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Pig.  1.2.  Determining  angular  coordinates  and  monopulse  systems 
with  phase  direction  finding. 

KEY:  (!)•  Target;  (2)  Antenna  1;  (3)  Antenna  2;  (4)  ESD. 


The  difference  in  distances  from  target  to  antennas 


AR~  Rt  —  Rt=  /sin6 


gives  a  phase  difference  of 


A?  =■£.«=  “s in9, 


(1.1) 


where  X  is  wavelength. 
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This  makes  it  possible  to  determine  the  angle  of  approach  6  with 
respect  to  the  measured  quantity  of  phase  shifts  of  signals  reflected 
from  the  target  and  received 'on  two  spaced  antennas. 

Expression  *(1  *1)  shows  that  the  phase  shift  of  signals  A<j>  reverts 
to  zero  not  only  with  8*0,  but  also  with  other  displacement  angles 
corresponding  to  condition 

.  .  2/i* 

fl=arcsm 


where  n  *  1 ,  2 ,  ...» 


L  _  2* 


Due  to  this,  the  direction  finding  characteristic  is  sign- 
alternating  and  has,  along  with  a  main  direction,  many  erroneous 
equisignal  directions.  This  is  the  reason  for  the  ambiguity  of 
measurements  by  the  phase  method.  However,  the  ambiguity  is  not 
a  very  serious  disadvantage  if  the  erroneous  equisignal  directions 
fall  within  the  main  lobe  of  the  radiation  pattern.  For  this,  it 
is  necessary  that  the  distance  between  centers  of  receiving  antennas 
not  exceed  the  diamete-  of  each  of  them.  Such  a  system  can  be 
made,  for  example,  in  the  form  of  two  antennas  arranged  in  a  row. 

In  addition  to  the  main  methods,  there  is  also  an  amplitude-phase 
method  (or  complex)  [11,  4l,  45],  which  is  a  combination  of  the  basic 
methods. 


As  a  source  of  angular  information  in  the  methods  listed,  we  use 
amplitude,  phase,  and  amplitude-phase  ratios  of  signals  received  by 
independent  channels.  Different  methods  of  extracting  angular  infor¬ 
mation,  in  turn,  generate  certain  differences  in  processing  signals 
received  and,  consequently,  in  the  structure  of  a  monopulse  system 
on  the  whole.  Let  us  examine  a  structural  diagram  of  a  monopulse 
radar  system  in.  a  general  form. 
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i  1.2'.  STRUCTURAL  DIAGRAM  OP  A  MONOPULSE 
RADAR  'SYSTEM 

As 'mentioned  above,  in  monopulse  systems,  the  information 
concerning  the-  angular  position  of  a  target  is  obtained  by  comparing 
pairs  of  received  signals.  With  such  a  comparison  the  voltage  at 
output  of  the  monopulse  angular  measuring  system  does  not  depend 
upon  the  absolute  value  of  the  amplitudes  of  received  signals,  but 
is  determined  only  by  the  signal  arrival  angle.  The  direction 
finding  characteristic  of  a  monopulse  system  must  indicate  the  value 

and  sign  of  the  arrival  angle  of  the  received  signal,  i.e.,  must  be 
an  uneven  actual  function  of  the  signal  arrival  angle.  The  initial 
data  concerning  the  arrival  angle,  contained  in  the  signal  pair,  are 
formed  upon  reception  by  the  monopulse  antenna,  which  is  called  the 
angle-data  transmitter. 

In  accordance  with  these  assumptions,  the  signals  received  must 
be  handled  so  that  there  can  be  obtained  a  function,  a  substantial 
part  of  which  would  satisfy  requirements  imposed  on  direction  finding 
characteristics  (independence  of  signal  intensity  and  oddness  relative 

to  equisignal  direction). 

Let  us  examine  analytically  the  possible  solutions  to  the 
problem  posed  [41,  45].  The  field  strength  at  the  point  of  reception 
in  complex  form  can  be  written  as  a  function  of  time  t: 

£(Q= Em  exp  i(«f  — 0<t<Tt  (1.2) 

where  Em  is  amplitude; 

ui  is  frequency; 

<J>0  is  initial  phase  of  field. 

•  The  radiation  patterns  of  the  antenna  system,  which  are  complex 
functions  of  the  angle,  are  expressed  by  relationships 

?,(6)=fs(9)ex  pifcftK 

/*  (6)  =  ^(8)  expire),  <1,3> 
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where  P^(0)  and  P2(0)  are  amplitude  radiation  patterns;  :  •' 

$■^(00  and  $2(8)  are  phase  radiation  patterns.  !  ,  ; 

Phase,  radiation  patterns  will'  be  assumed  mirror  reflections  of 

.  *  i  •  .  '  , 

'each  other  relative  to  equisignal  direction,  while  amplitude  radiation, 
patterns  are  identical  and  their  maxima  displaced  by  angle  +0Q  rela¬ 
tive  to  equisignal  direction,  i.e.,  1  i  1 


ft  (•)— 9  (®)»  ?*(9) =-y — 9  (9),  1 
F,  (9)^(9,+ 9),  ) 


(1.4) 


where  <j>(0)  is  the  difference-phase  radiation  pattern  of  the  antenna 
system.  I  '  ’  > 

Reflected  signals  which  are  received  by  the  spaced  antennas  can 
be  written  as :  *  ■  1 


£,((.  8) =£(() '/;  («).  1 
.£,((,  8)=  £(()/.(«)■  I  , 


(1.5) 


Then  the  ratio  of  the  two  received  signals  can  be  written  as  ’  , 


r  /A\  =  &(<.  !*»  (fi> 

£,(*,  e)  /.(«)  (9)* 


(1.6) 


The  ratio,  which  subsequently  will  be  called  multiplicative, 
under  certain  conditions,  can  be  the  basic  ratio  for  forming  a 
direction  finding  characteristic.  ;  ! 


In  order  to  form  a  direction  finding  characteristic,  we  can  also 
use  the  ratio  of  the  difference  signal  to  total  signal  ' 


...  &«.  ' 
r.  (0)  —  £  (/>  e)  +  (/,  6)  i,  (8)  +  hf  # 


(1.7) 


f 
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which  is  usually  called  the  additive,  ratio  of  received  signals.  The 

i  *■  , 

relationship  between  multiplicative  and  additive  signal  ratios  is 
established' with  the  aid  of.  the  following  expressions: 


r  /fl\ —  rm  (6)  —  1 

r,W""rm( 8)+i» 


1  W  l—r,  (0)* 


(1.8) 


In  addition  to  multiplicative  and  additive- ratios,  we  can  form  other 
ratios  which  satisfy-  requirements  imposed  on  the  direction  finding 
characteristics  of  a  monopulse  system.  When  we  multiply  multiplicative 
and  additive  ratios  by  a  complex  constant 

1  i  ■ 1  '  . 

.•I  1  ’  a  =  a0  exp  i  <!>„ 

we,  obtain  linearly  transformed  ratios  [^5]: 


l',n  0)  Mm  (&). 

Y\  (0)  =  (0). 


(1.9) 


Devices  which  form  the  sum  and  difference  of  received  signals 
;or  perform  the  operation  of  multiplying  received  signals  by  coeffi- 

1  •  i  •  ; 

dent  a  are  called  converters  since. in  them,  generally,  we  can 
convert  information  from  amplitude  ratios  to  phase  ratios  and  back. 
Thesfe  conversions  are'  accomplished  usually  at  high  frequencies  with 
the  use  of  passive  elements  because  of  their  relative  simplicity 
and  stability  of  characteristics. 


The  operation  of  calculating  the  ratio  of  two  signals,  converted 
or  unconverted,  cannot  be  done  without  their  preliminary  amplifica¬ 
tion.  iThe( device  containing  active  elements,  including  amplifiers 
and  comparison  circuit,  which  ^distinguishes  multiplicative  and 
additive  ratios' and  forms 'the  direction  finding  characteristic,  is 
called  the  angular  discriminator.: 
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With  amplitude  direction  finding',  angular  information  .is  contained 
in  amplitude  diagrams  8)=  arid  F2(6)..  lathis  case.,  with  identical 
phase  diagrams j  multiplicative  and  additive  ratios  are  expressed  only 
through  amplitude  radiation  patterns 


''"<9>=S! =?<«>• 

..  /<>,_  Fa(9)  p  (8>  —  1  «• 

"w‘  *  (0) + /v(0)  ~  ?w+r* 

(1.10) 

With  phase  direction  finding,  when  the  amplitude  patterns  are 
identical,  angular  Information  is  contain  '  in  the  phase  difference 


<?(6)=<p,(0)  — fa(6).  (ltl 

% 

Multiplicative  and  additive  ratios  are  expressed  only  through 
phase  pattern 

ra  (0)  - 

(1.12) 


==«*!*<•), 

exp  if,  (8)-ex|)ly,  (9)  _  ■ .  y  (9) 
‘•xp  if.  (0)  +  exp  if*  (3)  2 


Amplitude  ratio  p(8)  and  phase  difference  <J>(8)  will  be  called 
multiplicative  functions  of  the  angle,  while  the  ratios 
(p(8~l) )/(p(8  +  1))  and  tg  (<J>(8))/2  are  the  additive  functions  of 
the  angle. 

An  angular  discriminator  in  which  in  order  to  form  the  direction 
finding  characteristic  the  multiplicative  function  of  the  angle  is 
used,  reacting  only  to  amplitude  ratios  of  received  signals,  is  called 
an  amplitude  discriminator,  while  one  reacting  only  to  phase  ratios 
is  called  phase  discriminator.  An  angular  discriminator  which  reacts 
both  to  amplitude  and  phase  signal  ratios  and  in  which,  in  order  to 
form  the  direction  finding  characteristic,  the  additive  function  of 
the  angle  is  used  is  called  a  sura-difference  discriminator. 
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Thus,  only  three  different -me cnods.  of  angular  measurement  are 
possible  (three  types  of  anguine  discriminators.) :  amplitude's  phase,, 
-and  sum-difference.  Each  of  them  -can  bp  used  either  with  amplitude  - 
or  phase  or  complex  direction  finding.  Since  each  of  the  types  of- 
direction  finding  can  be  used  in  combination  with  any  of  the,  NangUlar 
discriminators,  nine  basic  classes  are  possible  for  monopulse  systems; 
their  classification  is  presented  in  Table  1.1  [45] . 

Based  on  the  classification  taken,  the  first  word-in  'We  name, 
of  a  monopulse  system  will  describe  the  type  of  direction  finding 
and  the  sec~"d  the  type  of  angular  discriminator.  Thus,  for  example, 
a  monopulse  system  with  amplitude  angular  discriminator  and  amplitude 
direction  finding  will  be  called  an  amplitude-amplitude  system, 
whereas  with  phase’  direction  finding  it  will  be  called  a  phase- 
amplitude  system.  A  monopulse  system  with  a  phase  angular  discrimi¬ 
nator  and  amplitude  direction  finding  will  be  called  an  amplitude- 
phase  system,  and  with  phase  direction  finding  a 'phase-phase  system. 

A  monopulse  system  with  a  sum-difference  angular  discriminator, 
depending  upon  the  type  of  direction  finding,  will  be  called  an 
amplitude  sum-difference  system,  a  phase  sum-dif ferer ce  system,  or  a 
complexxsum-difference  system. 


Table  1.1. 


- nn — — 

Mctoa  Ha.'i'peim*  (Tun  ytviosoro 
AIIOKpUHIlHilTOpa) 

(2)  1 

OcHorHwe  xnaccu  HOHoiiMnynbCHWX  paaiicwioKi- 
miomiHX  cHcrew  a  nn  Tpex  *uao*  nwitHraunn 

~ (Ti 
aun-nirryAiioft 
(A) 

prr 

Aasosofl 

(<*») 

KOimnexcHOil 

(K)  . 

(6)  AmiiHTyAHuA  (A) 

(7)  5$>a308hiH  (4>) 
CyMMapuo-p^jiocTiiuii  (CP) 

(9)  AA 
(12)  A1}* 

U5) ACP  . 

(io)<J>A 

(13)«M» 

(lfiftCP 

(ID  KA 
[14)  K«l> 

(17)  KCP 

KEY:  (1)  Measurement  method  (type  of  angular  discriminator);  (2) 

Main  classes  of  monopulse  radar  systems  for  three  types  of  direction 
finding;  (3)  amplitude  (A);  (4)  phase  (P);  (5)  complex  (K);  (6) 
Amplitude  (A);  (7)  Phase  (P);  (8)  Sum-difference  (SR);  (9)  AA;  (10) 
PA;  (11)  KA;  (12)  AP;  (13)  FF;  (1*0  KF;  (15)  ASR;  (16)  FSR;  (17)  KSR. 
t 
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Pig..  1.3.  Block  diagram  of  a  monopulse  system. 

KEY:  (1),  Angle-data,  transmitter;  (.2),  Information  converter .},  (3) 

Angular  discriminator. 

Of  the  nine  possible  classes  of  monopulse  system,  indicated  in 
Table  1.1,.  four  systems  are  the  most  widely  used:  amplitude-amplitude 
(AA),  phase-phase  (PP),  amplitude  sum-difference  (ASR),,  and  phase 
sum-difference  (PSR) .  These  monopulse  systems  will  be  examined  later. 

Based  on  the  sequence  of  operations  performed  by  the  monopulse 
system;  its  structural  diagram  must  contain  the  .following  basic 
elements  (Pig.  1.3): 

—  an  angle-data  transmitter  which  forms  signals  in  whose  parameter 
ratios  is  contained  information  concerning  the  angular  position  of 

the  target; 

—  an  information  converter  which  converts  the  signals’  parameter 
ratios; 

—  an  angular  discriminator  which  distinguishes  the  actual  function 
of  the  signal’s  parameter  ratio  uniquely  connected  with  the  arrival 
angle . 

The  angle-data  transmitter  is  the  antenna  of  the  monopulse  system 
and  the  most  important  element.  It  possesses  certain  peculiarities 
which  will  be  examined  in  detail  in  Chapter  2. 

As  a  converter  in  monopulse  systems  is  used,  a  ir/2  phase  switcher 
which  performs  the  operation  of  multiplication  .by  +i,  and  a  sum- 
difference  converter,  for  which  an  annular  waveguide  bridge  or  double 
waveguide  T-joint  is  used.  (The  sum-difference  converter  is  also 
discussed  in  Chapter  2. ) 
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Pigi  l.\,.  Block,  diagram  of*  an  amplitude  angular  discriminator. 

KEY:  (1)  Mixer;  (2)  Logarithmic  i-f  amplifier;  (3)  Detector;  (4) 
Heterodyne;  CsK  Differential  amplifier;  (6)  Mixer;  (.70  •Logarithmic 
i-f  amplifier;.  (8)  Detector. 

Diagrams  of  each  of  the  three  types  of  angular  discriminators 
are  presented  in  Figs.  1.4-1. 6.  In  each  diagram  there  is  one 
heterodyne  for  forming  intermediate  frequency  in  both  receiving 
channels,  which  makes  it  possible  to  preserve  symmetry  of  the  two 
channels  and  maintain  phase  coherence  between  them.  The  ratio  of 
.received  signals  rm(0)  or  r  (0),  which  characterizes  the  direction 
of  arrival,  is  formed  because  of  the  normalizing  property  of  amplifiers 
used  in  these  diagrams. 

» 

In  the  amplitude  angular  discriminator  presented  in  Pig.  1.4, 
the  ratio  rm(0)  is  obtained  by  subtracting  the  values  of  the  amplitude 
ldgarlthms  of  the  two  signals,  which  is  equivalent  to  forming  the 
logarithm  of  the  ratio.  Since  the  values  of  the  amplitude  logarithms 
of  the  tv/o  signals  are  subtracted,  the  output  voltage  does  not  depend 
upon  the  ahsolute  level  of  signals  received.  The  expression  In  rm(0) 
becomes  equal  to  zero  in  the  equisignal  direction  [rm(0)  =  1]  and 
has  uneven  symmetry  relative  to  this  direction,  i.e.,  it  can  be  used 
to  obtain  the  direction  finding  characteristic 


5  (0)  =  Re  In  rm  (0)  =  In  |  w,  (tf  0)  |  —  In  |  a,  (f ,  0)|,  (1.13) 
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lUgCtj  0) j  are  signal  amplitudes  at  output  of 
receiving-amplifying,  channels  as  a  function  of  time  and  angular  error 
in  direction  finding.. 

>' ;  •  }  *  v  ,  ' 

't  v 

Phase  difference  between  signals  at  amplifier  input  does  not 
.affect  the  ratio  ,£.'(0) '  since  signals  are-  detecte.d  before,  the  amplitude 

*;IU  '  *' 

logarithms  .of;  these  ; signals  are  subtracted.  ■  ' 


-In' the  phase  angular  discriminator  with  normalization,  it  is 
necessary  to  eliminate  amplitude  modulation.  For  this  either  amplifiers 
'with  limitation  (Fig.  1.5a)  are  .used,  at  whose  output  the  amplitudes 
do  not  depend  upon  the  amplitudes  of  the  signals  received,  or  indepen¬ 
dent  automatic  regulation,  of  amplification  in  b.oth  channels  is  used 
.(Fig.  1,4 5b)..  To  form  the  direction  finding  characteristic  we  can  use 
function  --ir  (0),  determined  by  equality  (1.12),  since  its  effective 


part 

S  (8) = Re  [—  iexp  i  f  (0)] = sin  <p  (0) 

*  .  (1.14) 

...  -  '  r  * 

does. .not  take  into  account  the  amplitude  ratios. 

In  a-  sum-4ifference  angular,  discriminator  the  ratio  r„(8)  is 

>  Ct 

ensured  by  the  automatic  adjustment  of  amplification  in  both  channels 
in  order  to  form  the  voltages  of  which  the  total  signal  is  used 

(Fig.  1.6).  As  a  result,  there  is  a  normalization  of  the  amplitudes 

1  ■ '  .  ,  ,  »  ^  * 

of  the  sum  and  difference  signals  with  respect  to  the  amplitude  of 
the  sum  signal. 

-In  order  to  obtain  the  direction  finding  characteristic,  the 
additive  function  of  the  angle  is  used;  then  with  identical  receiving 
channels-;  in  the  case  of  amplitude  direction  finding. 


s<6>=ReiMt 


F,ie>— f«(i)_ 


(1.15) 


and  in  the  case  of  phase  direction  finding,- 


c  _  pcc‘ *<«>-*»»<*)  .  y(9) 

*  W  —  “e  e»  (»)  —  «.  2 


/ 

(1.16) 


After  examining  the  structural  diagram  of  a  monopulse  system, 
we  proceed  to  a  more  detailed  description  of  the  .most,  frequently 
used  monopulse  radar  system. 


Pig.  1.5.  Block  diagram  of  a  phase  angular  discriminator  with  different 
methods  of  normalization,  limiting  (a)  and  AGC  (b). 

KEY:  (1)  Mixer;  (2)  I-f  amplifier  with  limiting;  (3)  Heterodyne; 

(4)  Phase  detector;  (5)  Mixer;  (6)  I-f  amplifier  with  limiting;  (7) 
Mixer;  (8)  Heterodyne;  (9)  Phase  detector;  (10)  Mixer;  (11)  I-f 
amplifier;  (12)  AGC. 


fig.  1.6.  Block  diagram  of  sum-difference  angular  discriminator. 
KEi;  (1)  Difference  channel;  (2)  Mixer;  (3)  Heterodyne;  -(M  Phase 
elector;  (5)  Mixer;  (6)  Sum  channel;  (7)  I-f  amplifier;  (8)  AQC. 


5  1.3.  MONOPULSE  RADAR  SYSTEMS  OP  AUTOMATIC 
TARGET  TRACKING 

1.3.1.  Amplitude-amplitude  monopulse  system.  As  discussed  in 
§  1.1,  in  monopulse  systems  with  amplitude  direction  finding,  the 
reception  of  signals  reflected  from  the  target  is  carried  out  with 
the  aid  of  the  antenna  system  forming  in  each  coordinate  plane 
two  beams  deflected  from  the  equisignal  direction  by  angle  +0Q  (Pig, 
1.1). 
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Pig.  1.7.  Block  diagram  of  amplitude-amplitude  monopulse  system  of 
target  tracking  in  one  plane. 

KEY:  (1)  Mixer;  (2)  Logarithmic  i-f  amplifier;  (3)  Detector;  (H) 
Send-receive  switch;  (5)  Heterodyhe;  (6)  Differential  amplifier; 

(7)  Error  sl.gnal  amplifier;  (8)  Mixer;  (9)  Logarithmic  i-f  amplifier; 
(10)  Detector;  (11)  Antenna  control  system;  (12)  Transmitter. 
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unbalance  with  respect  to  signal  amplitude  in  the  independent 
receiving  channel  is  more  directly  related  with  tracking  error  the 
greater  this  error  is.  In  the  absence  of  mismatch,  signals  received 
by  independent  channels  are  equal  in  amplitude.  In  accordance  with 
this,  direction  finding  of  targets  is  achieved  by  turning  the  antenna 
system  up  tc/  the  moment  of  amplitude  equality  for  signals  received. 


Figure  1.7  presents  a  simplified  block  diagram  of  an  amplitude- 
amplitude  monopulse  system  for  target  direction  finding  in  one  plane, 
in  which'  normalization  is  accomplished  with  the  aid  of  logarithmic 
i-f  amplifier. 

I 

If  l^nto  the  input  of  the  antenna  signal  E(t)  =  Emei<1)t  enters, 

ref lected-.  from  the  target,  when  the  target  deviates  from  equisignal 

direction  by  angle  8,  at  antenna  output  of  the  first  and  second 
* 

channels  the  signals  received  will  be  determined  by  expression 

I  Et  (t,  6)  =[E,nFt  (0)  exp  U4  =  EWF  (G.  -  6)  exp  i  *t, 

I  £,(t,  6)  =  EmFt  (6)  exp  i«>/ = EmF  (6,  -{-  6)  exp  i  wt. 

(1.17) 


After  frequency  conversion,  amplification  on  intermediate 
frequency,  and  linear  detection,  signals  at  the  input  of  the 
differential  amplifier  are  equal  to 

«»  (®)  =  In  KtEmF  (G, — G), 

«,  (0)  =  In  KtEmF  (0e  0), 

(1.18) 

i 

where  and  k2  are  signal  transmission  coefficients  in  the  channels. 
At  the-  output  of  the  differential  amplifier  we  obtain 


S(0)  =  ln 


KtF(  8,-9) 

K  tF  (O.+  eT* 


(1.19) 
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.  Ei'ror  signal  from  output  of  the  differential  amplifier  is  fed 
to  the  amplifier  and  then  £0  the  antenna  control  system. 


Prom  equality  (1.19)  it  is  apparent . that  the  direction  finding 
characteristic  in  such  a  nionopulse  system  depend!  upon  the  radiation 
patterns,,  the  properties  and  (identical  nature  0'.’  the  logarithmic 
amplifiers v  Therefore,  instability  and  nonidentity  of  amplitude 
characteristics  of  the  logarithmic  amplifiers  lead  to  a  distortion 
in  the. -direction  finding  characteristic  and,  consequently,  error  in 
determining  direction  to  target. 

/  With  identical  receiving  channels  (k1  =  kg  =  k)  and  small 
/ angular  errors,  expression  (1.19)  can  be  written  in  the  following 


form: 


M 


2|rt, 


(1.20) 


where  F.(0q)  is  the  amplification  factor  of  the  antenna  in  the  equi- 
signal  direction; 

U  is  the  -steepness  of  the  working  section  of  the  antenna  radia¬ 
tion  pattern. 


The  need  to  maintain  high  identity  in  amplitude  characteristics 
of  the  amplifier  is  the  main  disadvantage  of  the  system  with  an 
amplitude  angular  discriminator. 

l’.3.2.  Phase-phase  monopulse  system.  A  simplified  block  diagram 
of  a  phase-phase  monopulse  system  which  ensures  direction  finding  in 
one  plane  is  presented  in  Fig.  1.8.  In  this  system  signal  reception 
is  performed  by  an  antenna  syc  em  which  forms,  in  each  coordinate 
plane;  two  beams  oriented  in  parallel. 
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Pig.  1.8.  Block  diagram  of  phase-phase  monopulse  system  for  tracking 
a  target  in  one  plane. 

KEY:  (1)  Antenna  control  system;  (2)  Mixer;  (3)  Send-receive  switch; 
(4)  Heterodyne;  (5)  Phase  detector;  (6)  Error  signal  amplifier;  (7) 
Mixer;  (8)  Phase  converter;  (9)  Transmitter;  (10)  ii-j  amplifier. 


Signals  receive'd  by  antennas  with  identical  radiation  patterns 
*  \ 
are  written  in  the  form 


£,((,  S )  =  EJF  (6)expi  (•"(  +  ^-V 

i  1 

where  A<|>  is  phase  &hift  because  of  difference  in  the  paths  of  signal 
approach  from  target  to  antennas,  determined  by  equality  (1.1); 

*  tt/2  is  initial  phase  shift  necessary  to  ensure  that  output 
signal  equals  zero,  when  equisignal  direction  coincides  with  direction 
to  target  (0  =  0).. 


\ 

(1.21) 


Signals  at  i-f  amplifier  outputs  are  equal,  respectively, 
to 


iii  (t,  A)  =  KiE„.F  (0)  exp  i  ^»npf  -f 

«» (* .  6)  =  XtEmF  (8)  exp  i  (u>npf -f-  -  J  —  ^r)- 
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•When  limiting  is,  used  for  standardization,  signals  at  input.' 
of  the  phase  detect.dr  .can  be  represented  in  the  form  of  the  following 
expression 


u'l  (t,  0)==tfOrp  expl 

ii't (t,  6)  =  jt/orp exp » +-r “t)* 


(1.23) 


where  UQrp  is  the  threshold  of  amplitude  limitation. 


If  the  amplitude  detector  and  the  phase  detector  are  operating 
in  the  square-law  detection  mode,  i.e.,  the  phase  detector  performs 
the  multiplication  and  averaging  of  input  signals,  the  signal  at 
output  of  the  phase  detector  can  be  written  in  the  form 


s  <•)=*.'*  R«  »)«'.(<.  •». 


(1.24) 


where  is  the  transmission  factor  of  the  phase  detector. 


Consequently 5 


S  sto  A?. 


(1.25) 


Substituting  in  place  of  A<j>  its  value  from  (1.1),  we  obtain 

S  (#) = *♦  (t-  sin*  )'  (1.36) 

The  error  signal  from  the  phase  detector  is  fed  to  the,,  error 
signal  amplifier  and  then  to  the  antenna  control  system,  which  turns 
the  antenna  to  the  necessary  angle. 

The  main  disadvantage  of  systems  with  a  phase  angular  discriminator, 
as  will  be  shown  in  Chapter  6  in  detail,  is  the  considerable  depen¬ 
dence  of  direction  finding  accuracy  on  the  identity  of  the  phase 
characteristics  of  the  receiving  channel  and  their  stability. 
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1.3.3.  Amplitude  sum-differencc  monopulse  system;  A  monopulse 
system  with  a  sum-diTference  angular  discriminator  has  less  strenuous 
requirements  on  the  identity  of  the  characteristics  of  the  receiving 
channels  and,  therefore,  is  more  widely  used  in  contemporary  radar 
stations.  In  such  systems;  the  signals  received  from  the  target 
move  from  ant.enna  output  to  the  sum-difference  converter  (waveguide 
bridge)  where  they  are  added  and  subtracted.  From  the*  outputs  of 
the  waveguide  bridge  the  sum. and  difference,  high-frequency  signals 
are  fed  to  the  sum  and  difference  receiving  /channels  where  they 
are  converted  to  signals  of  intermediate  frequency  and  amplified  to 
the  necessary  value.  The  amplitude  of  the  difference  signals  determines 

the  amount  of  angular  error,  while  the  phase  difference  between  the 
sum  and  difference  signals  determines  the  sign  of  the  angular  error, 

i.e.,  direction  of  target  deviation  from  equisignal  direction. 


Fig.  1.9.  Block  diagram  of  an  amplitude  sum-difference  monopulse 
system  of  target  tracking  for  direction  finding  in  one  plane. 

KEY:  (1)  Transmitter;  (2)  Send-receive  switch;  (3)  Sum  channel; 
y  (4)  Range  signal;  (5)  Mixer;  (6)  I-f  amplifier;  (7)  Amplitude 

detector;  (8)  Snnular  waveguide  bridge;  (9)  Heterodyne;  (10)  AGO; 
(11)  Phase  detector;  (12)  Send-receive  antenna;  (13)  Mixer;  (14) 

I-f  amplifier;  (15)  Error  signal  amplifier;  (16)  Difference  channel; 
(17)  Antenna  control  system. 


23 


A  blo<j_k  diagram  of  an  amplitude  sum-difference  monopulse  system 
for  direction  finding  in  one  plane  is  presented' in  Fig.  1'.  9 .  Signals 
at  antenna  output  of  the  first  and  secpnd  channels  with  small  target 
deviations  from  equisignai  direction  are  det'ermined  by  expression  ' 


£,  (/,  «) = E,'F,  (8)  expi  »r = E„f  (8..— 8)  exp  U8 = 1  ' 
*  1  1  =£„F(i.)(l+|»«)expi«<,  i 

£,(/,  8)  =  £mF,  (8)  exp  i ./  =  (8.  + 8)  exp  «f  = 

=  BnP  (8 ,)  (I-n8)  exp  Iml...  ■ 


( 1.27 ) 


The  sum  and  difference  signals  at  output  of  the  waveguide  bridge, 
taking  into  account  the  power  balance,  assume  the  form  : 

£,(/,  8)-  JjlE.fi,  <!):+,  E, (I.  8)1=  '  |  .  '  '' 


=  y'2SmF  (80)  ejcp  i  wf, 

£,((,  8)  =  j=  [£,«;  8)- 6,(1,  ejl=. 

=  1/2  £„,F(e,)p8expi.i. 


(K28)  . 


The  dependence  of-  the  error  signal  op  amplitude  of  received 
signals  is  eliminated  by  the  AGC  sys'tem.  !  , 

After  frequency  conversion  and  amplification taking  into  account 

i  i 

the  work  of  the  AGC  system,  at  input  of  the  phase  detector  the)  sum 
and  difference  signals  can  be  represented  by 'expression 


*  1 

uc(t,  8) = exp  i  (<onpf  ?,),  ,  I 
«p  (/,  6)  =  -^-p0  exp  i  ?,),  J 


(r.29) , 


where  ^  and  <j>2  are  the  phase  shifts  in  the  channels, 


At  phase  detector  output  we  obtain 


(1.30) 


I 


I 

:  I 

•  I  • 

'  I,  - 

The  sum  and  difference  radiation* patterns  of  an  amplitude  sum- 

■difference  monopUlse  system,  with  the(  conditional  designation  of 

phase  ratips  by  the  signs  and  are  illustrated  in  Pig.  1.10. 

1  From  the  figure  it  is  apparent  sthat  the  phase  of  the  difference 

signal'  at  antenna  output  changes  as  a  function  ,of  the  direction  of 

target  deviation  relative  to  equisignal  direction  and  can  either 

coincide  with  the  phase  of  ;the  .sum  signal  or  be  in  opposite  phase 

''  to  it.  In  the  absence  of  disagreement,  when  direction  to  target 

coincides  with  equisignajl  direction  of  the  antenna  system,  the  signals 

reflected  from ! the  target  at  the  input  of  the  receiving  channels  have 

*  I  i 

! equal  Amplitude.  Due  to  this,  the  difference  signal  is  zero. 

i  i 

.  The  difference!  signal  is  ;used  directly  in  controlling  the  posi¬ 

tion  of  the  antenna  system  in  the  process  of  direction  finding  or 
in  the'  process  of,  automatic  target  tracking. 

,  ■  < 

:  1  The  sum  signal  forming  upon  reception  is  used  not  only  as  the 

reference  slgnal:but  also  for 1  target  detection  as  well  as  measurement 
,of  range  td  target  and  its  velocity. 


« 


1  Pig.  1.10.  Radiation  pattern  of  an  amplitude  sum-difference  mono- 
!  pulse  system  with  direction  finding  in,  one  plane:  a)  partial  patterns 

b)"  sum  and  difference  patterns. 

1  •  ,  •  » 

I  ! 

*  ‘  1.3.4.  Phase  sum-di ffef'ence  monopulse  system.  Let  us  examine 

1  the  processing  of  sigpals  in  a  phase  sum-difference  monopulse  system 

’  (Fig.  1.11).  In’  analogy  with  the  phase-phase  system  examined  in 

■'*  *  1.3.2  the  signals  at  antenna  output,  in  the  given  case,  can  be  written 

•  in  the  form  , 

>1  ,  «  ■  25 


(1.31) 


£,  (/,  0)  -  £„;F  (9).  exp  i  + ^j, 
■£s(L®)~-£mF  (0)  expi/®/— 
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Pig.  1.11.  Block  diagram  of  a  phase  sum-difference  monopulse  system 
of  target  tracking  in  one  plane. 

KEY:  (1)  Send-reeeive  switch;  (2)  Transmitter;  (3)  Sum  channel; 

(4)  Mixer;  (5)  I-f  amplifier;  (6)  Amplitude  detector;  (7)  Signal  for 
determining  range;  (8)  Annular  waveguide  bridge;  (9)  Heterodyne; 

(10)  AGO:  (11)  Phase  detector;  (12)  Mixer;  (13)  Phase  switcher;  (14) 
I-f  amplifier;  (15)  Error  signal  amplifier;  (16)  Difference  channel; 
(17)  Antenna  control  system. 


At  output  of  the  waveguide  bridge  we  obtain  the  sum  and  difference 
signals  in  the  form 


-fexpi[«>(  — 

E,  (l,  0) = Jy  e,„F  (8)  [exp  i  (.< + $£-)  - 
-expi(»<-^-)]. 

(1.32) 
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Au  output  of  the  phase  detector  after  frequency  conversion-  and 
amplification,  taking  into  account  the  work  of  the  AGC  and  the 
additional  phase  shift  in  the  difference  channel  by  ir/2,  we  can  write 

Re  wc(h  fl)«*i,(h  9) 

«c(h9)«V(/,  8)  ’  (1.33)' 

where  u#  and  u#  are  the  complex  conjugate  values  of  signals  at  output 
of  the  sum  and  difference  channels. 

Taking  into  account  (1.32),  expression  (1.33)  assumes  the  form 


1  -f-  COS  A  if  K, 


(1.3^) 


After  substituting  values  of  A<J>  from  (1.1),  we  obtain 

S(°)  «s(Tshl>). 

V  '  .  (1.35) 

Error  signal  from  output  of  the  phase  detector  is  fed  to  the 
antenna  control  system. 

§  1.4.  MONOPULSE  RADAR  SCANNING  SYSTEMS 

In  §  1.1  we  mentioned  that  systems  which  determine  the  coordinates 
of  all  targets  located  within  the  antenna  pattern  and  resolvable  with 
respect  to  range  for  each  position  of  the  beam  in  space  are  called 
monopulse  scanning  systems.  Let  us  examine  these  systems  using  the 
example  of  systems  with  amplitude  direction  finding. 

1.4.1.  Amplitude-amplitude  monopulse  system.  As  mentioned  above, 
an  amplitude  angular  discriminator  with  logarithmic  amplifiers  has 
a  considerable  disadvantage  in  the  need  to  maintain  high  identity 
and  stability  of  the  amplifiers*  amplitude  characteristics.  This 
disadvantage  makes  its  practical  application  difficult  in  amplitude- 

amplitude  monopulse  systems. 
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"  /  We  .shall  examine  ,, another  structural  diagram  of  such  .a  system, 
•which  jnakes  i-'t  possible  to'  eliminate  ’the  use  of  logarithmip  'amplifiers., 
In  the  system  whose  block  diagram  is  presented  -in  Fig,/ 4-.  12  no 
logarithmic  amplifiers  are  used  and  standardization  is,  accomplished, 
according  to  -the^  sum  signal  formed  at  jideo  frequency.. 

-Let  us  describe  the  formlngv*tof  the  direction  finding  characteris¬ 
tic  in  an  amplitude-amplitude  mohopulse  scanning  system  with.  standard¬ 
ization  accordin'g~"to  the  sum  signal  formed 'at  video  frequency. 


Fig,.  1.12.  Block  diagram  of  amplitude-amplitude  monopulse  scanning 
system  for  determining  coordinates  in  one  plane. 

KEY:  (1)  Heterodyne;  (2)  Optimal  filter;  (3)  Linear  i-f  amplifier; 
(*J)  Detector;..  (5)  .Summator;  (.6)  Signal  for  range  determination;  (7) 
From  antenna  output;  (8)  Heterodyne;  (9)  Mixer;  (10)  Optimal  filter; 
(11)  Linear  i-f  amplifier;  (12)  Detector;  (13)  Differential  ampli¬ 
fier;  (14)  Divider  circuit. 

When  the  target  deviates  from  equisignal  direction  by  angle  0, 
the  signal  at  antenna  output  will  be  determined  by  formula  (1.27). 

At  detector  output  the  expression  for  signals  assumes  the  form 


«=(6)  =  /ti£,„F(J.)(,  I  (1>3. 

V/ith  identical  receiving  channels  (k^  =  k2  =  k)  at  the  output 
of  the  summing  device  we  write 

Me  ii "  tii  (6)  *-{-  ua  (0)  =  2kEihF  (0)» 
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(1.37) 


and  at  the  output  of  the  'differential  amplifier 

«p  i;  —  «,  (8)  —  Uz  (0)  ±2KEmF(Qa)vfi. 


Then  at  output  of  the-  divider  circuit  we  obtain 


S(0)  = 


»p„  _ 1kF.„,F  (80)  h-9 

//c  u  2 «/:,„/•■  (9o) 


(1.38) 


(1.39) 


A  comparison  of  equalities  (1.20)  and  (1.39)  shows  that  they 
coincide  with  accuracy,  up  to  the  constant  coefficient,  i.e  ,  and  in 

[  l  , 

the  system  with  standardization  according  to  the  sum  signal,  at 
output  there  is  received  a  signal  proportional  to  the  angular  error 
in  direction  finding  and,  therefore,  it  can  be  used  as  angular  infor¬ 
mation  in  determining  angular  coordinates  of  targets. 

In  practice,  when  building  amplitude-amplitude  monopulse  radar 
scanning  systems  with  standardization  according  to  the  sum  signal, 
which  must  have  a  dynamic  range  of  80-100  dV,  linear  i-f  amplifiers 
cannot  be  used.  In  these  cases,  it  is  necessary  to  use  logarithmic 
i-f , amplifiers  in  which,  in  order  to  eliminate  the  need  for  main¬ 
taining  high  identity  of  logarithmic  amplitude  characteristics  of 
amplifiers  in  various  channels,  it  is  necessary  to  perform  standardiza¬ 
tion  with  the  aid  of  a  periodic  sequence  of  monitoring  signals  and 
then  construct  the  processing  circuit  as  shown  in  Pig.  1.12. 

1.4.2.  Amplitude  sum-difference  monopulse  system.  A  block 
diagram  of  an  amplitude  sum-difference  monopulse  scanning  system  is 
presented  in  Fig.  1.13.  By  comparing  this  block  diagram  and  the 
one  presented  in  Pig.  1.9>  it  is  apparent  that  in  both  systems 
standardization  is  performed  according  to  the  sum  signal.  However, 
in  the  scanning  system  standardization  is  performed  not  at  intermediate 
frequency  with  the  aid  of  AGC,  but  at  video  frequency  by  dividing 
the  signal  from  phase  detector  output  by  the  sum  signal.  This  is 
explained  by  the  impossibility  of  using  an  AGC  system  in  monopulse 
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scanning  systems  because  in  these  systems  it  is  ^necessary  to  determine 
-the  coordinates  of  ail  targets  located  In  the  beam  and  resolvable 
with  respect  to  range.  An  AGO  system  has  a  certain  time  lag  and 
'cannot  operate  'With-  several,  closely’  located  targets  . 


'ID  (i )’ 


Figi  1.13.  Block  diagram  of  an  amplitude  sum-difference  monopulse 
scanning  system  for  determining  coordinates  in  one  plane. 

.KEY:  .  (1)  Sum  channel;  (2)  Mixer;  (3)  Optimal  filter;  (4)  I-f 
amplifier;  (5)  Amplitude  detector;  (6)  Signal  for  determining  range; 
(,7)  Waveguide  bridge;  (8)  From  antenna  output;  (9.)  Heterodyne;  (10) 
Miker;  (11)  Optimal  filter;  (12)  I-f  amplifier;  (13)  Phase  detector; 
(14)  Divider  circuit;  (15)  Difference  channel. 


Let  us  examine  the  formation  of  the  direction  finding  characteris¬ 
tic  in  an  amplitude  sum-difference  scanning  system.  The  sum  and 
difference  channels  at  the  output  of  the  waveguide  bridge  are  deter¬ 
mined  by  formula  (1.28). 

f  At  phase  detector  input  they  can  be  written,  respectively,  as 

;.((,«)=  K?  K,£>(1,)«pi  (».,!+?,),  1 

«p(f.  «)=  V2  k,E„,F (#J p! exp i («„,( -ffj. J  (1.10> 

The  sum  signal  at  amplitude  detector  output,  considering  its 
transmission  factor  equal  to  one,  will  be 


U'=V2k,EJ>«>,). 


(l.li) 


and  voltage  at  output  of  the  quadratic  phase  detector  will  be 


2* * nKiKt  [EmF  (9,)1* pi  cos (9, — 9,). 


(1.42) 


I 


\ 

\ 


When  using  a  quadratic  phase  detector  in  the  block  diagram 
presented  in  Pig.  1.13,  it  is  necessary  to  provide  a  device* which 
will  square  the  sum  signal  at.  amplitude  detector  output.  Then  at 
divider  circuit  output  we  obtain  ■ .  »  . 

’  ’  1 

$(«)  =  ^  «*(?, ^  ?*)• 

'  *  (1.43) 

A  comparison  of  ^formulas  (1.43)  and  (1.30)  shows  that  they  agree 
i.e.,  standardization  according  to  sum  signal  at- video  frequency 
gives  the  same  effect  as  standardization  at'  intermediate  frequency 
with  the  aid  of  AGC. 

l 

The  creation  of  a  monopulse  sum-difference  scanning  system  which 
has  high  resolution  with  respect  to  range  (on  the  order  of  10-30  m) 
can  prove  to  be  impossible  because  of  the  technical  difficulty 
involved  in  making  a  phase  detector  which  will  operate  with  pulse 
width  near  0.1  ys.  In  this  case,  we  must  turn  to  the  development  of 
amplitude-amplitude  monopulse  scanning  systems. 

§  1.5.,  DESIGN  PRINCIPLES  FOR  MONOPULSE  SYSTEMS 
OP  DIRECTION  FINDING  IN  TWO  PLANES 

The  monopulse  radar  systems  examined  thus  far  have  been  designed 
for  finding  targets  in  one  plane.  Direction  finding  systems  for 
two  planes  are  considerably  more  complex. 

Monopulse  systems  for  trrget  finding  in  two  planes  with  amplitude 
and  phase  angular  discriminators  can  be  made  by  a  simple  combination 
of  two  monopulse  systems,  one  of  which  is  designed  to  operate  in 
the  azimuth  plane  and  the  second  .in  the  elevation  plane.  From  the 
block  diagram  of  the  amplitude-amplitude  system  for  direction  finding 
in  two  planes,  presented  in  Fig.  1.14,  it  is  apparent  that  such  a 
design  requires  the  use  of  an  antenna  with  four  radiation  patterns 
and  four  amplification  channels.  However,  in  systems  with  the  above 
indicated  angular  discriminators,  in  two-plane  direction  finding 
there  can  be  one  amplification  channel  for  both  azimuth  and  elevation 
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planes.  This  simplifies  antenna  design  and  the  direction  finding 
-system  as  a  whole ; 
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Fig.  1.14.  Block  diagram  of  amplitude-amplitude  monopulse  system 
for  direction  finding  in  two  planes. 

KEY:  (1)  Mixer;  (2)  Logarithmic  i-f  amplifier;  (3)  Detector;  (4) 
Heterodyne;  (5)  Differential  amplifier;  (6)  Send-receive  switch; 

(7)  Mixer;  (8)  Logai’ithmic  1-f  amplifier;  (9)  Detector;  (10) 

Mixer;  (11);  Logarithmic  i-f  amplifier;  (12)  Detector;  (13)  Differ¬ 
ential  amplifier;  (-14)  Transmitter;  (15)  Mixer;  (16)  Logarithmic 
i-f  amplifier;  (17)  Detector;  (18)  Elevation  error  signal;  (19) 
Azimuth  error  signal. 


As  an  example j  a  simplified  block  diagram  of  one  of  the  first 
phase-phase  monopulse  radar  system  is  presented  in  Fig.  1.15  [4l], 
The  antenna  system  of  this  radar  consists  of  four  rigidly  connected 
parabolic  reflectors  with  feeds.  One  of  the  antennas  is  the  trans¬ 
mitting  antenna  and  the  others  are  receiving  antennas;  one  of  the 
latter  is  a  common  antenna  for  azimuth  and  elevation  channels. 


The  main  disadvantage  of  this  system  lies  in  the  ineffective  use 
of  antenna  aperture  since  part  of  the  antenna  is  used  only  for  direction 
finding  with  respect  to  azimuth,  part  for  direction  finding  with 
respect  to  elevation,  and  part  for  emission.  With  four  receiving 
radiation  patterns  this  disadvantage  is  eliminated  since  for  reception 
and  transmission  the  entire  antenna  aperture  can  be  used. 
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Pig.  1.15.  Block  diagram  of  a  phase-phase  monopulse  system  for 
.direction  finding  in  two  planes. 

KEY:  (1)  Azimuth  drive;  (2)  Azimuth  error  signal;  (3)  Elevation 
drive;  (4)  Mixer;  (5)  Preliminary  i-f  amplifier;  (6)  I-f  amplifier 
and  AGC;  (7)  Mixer;  (8)  Preliminary  i-f  amplifier;  (9)  I-f  amplifier 
and  AGC;  (10)  Phase  detector;  (11)  Mixer;  (12)  Preliminary  i-f 
amplifier;  (13)  I-f  amplifier  and  AGC;  (14)  Phase  detector;  (15) 
Magnetron;  (16)  Local  heterodyne;  (17)  Elevation  error  signal;  (18) 
Modulator;  (19)  Range  gate)  (20)  Signal  for  determining  range. 


In  monopulse  systems  for  direction  finding  in  two  planes  with 
a  sum-difference  discriminator,  unlike  systems  of  direction  finding 
in  one  plane,  an  antenna  with  four  radiation  patterns  (instead  of 
two)  and  three  or  four  waveguide  bridges  (instead  of  one)  is  used; 
there  is  also  added  one  difference  receiving  channel  and  a  number  of 
other  elements.  Figure  1.16  shows  an  amplitude  sum-difference  system 
with  direction  finding  in  two  planes,  using  four  waveguide  bridges; 
signal  processing  in  such  a  system  is  shown  in  Figure  1.17.  The 
method  of  signal  processing  using  three  waveguide  bridges  is 
illustrated  in  Fig.  1.18. 


In  a  monopulse  system  with  four  waveguide  bridges  the  sum 
signal  is  formed  by  paired  preliminary  summation  of  signals  1  and  2, 

3  and  4  on  the  first  two  bridges  and  then  a  final  summation  on  the 
third  and  fourth  bridges.  The  high-frequency  power  of  the  transmitter, 
with  the  aid  of  these  bridges,  is  distributed  equally  and  in  phase 
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can  be  represented  in  the  or 

Analytically,  these  signals 

-  »rrr«  =- ..  -  - — ••  *•  *”* 

„  +«+'•» 


(1.M4) 


“  difference  signal  for  elevation  (at  output  of  the  difference 
branch  of  the' third  bridge) 


(1.45) 


-  difference  signal  for  azimuth  (at  output  of  the'  sum  branch 
of  the  fourth  bridge) 


B9 6)=4-£(/){lM«)+^(«)]-- 
-[F*(l)+FMb 


(1.46) 


Pig.  1.17.  Diagram  for  forming  sum  and  difference  signals  with  the 
use  of  four  waveguide  bridges.  I  -  sum  output  of  bridge;  A  -  difference 
output  of  bridge. 

KEY:  (1)  Sum  channel;  (2)  Difference  channel  for  elevation;  (3) 
Difference  channel  for  azimuth. 


The  output  of  the  difference  branch  of  the  fourth  bridge  is 
usually  not  used  and  terminates  in  the  dummy. 

With  the  use  in  a  monopulse  system  of  three  waveguide  bridges 
the  sum  signal  is  formed  by  the  preliminary  paired  summation  of 
signals  2  and  3,  1  and  2  on  two  bridges,  and  then  by  the  final 
summation  in  the  third  bridge.  The  difference  branch  of  the  third 
bridge  is  not  used  and  terminates  in  the  dummy.  The  difference  signal 


35 


f!  ; 

».r* 
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in  one  plane.  is  .formed,  by  the  difference  of  signals  1  and  2  and  in 
the  other  plane  by  the  difference  of  signals  2  and  3., 


Pig.  1.18.  Diagram  for  forming  sum  and  difference  signals  with 
the  use  of  three  waveguide  bridges.  E  -  cum  output  of  bridge; 

A  -  difference  output  of  bridge. 

KEY:  (1)  Difference  channel  for  elevation;  (2)  Sum  channel;  (3) 

Difference  channel  for  azimuth. 


With  the  application  of  three  waveguide  bridges  the  sum  signal 
is  determined  by  equality  (l.M)  and  the  difference  signal  is  equal 
to 


£.7«=yf£<')lMe)-M0)l. 


(1.H7) 


(1.48) 

Amplitude  and  phase  sum-difference  monopulse  systems  are  identi¬ 
cal  in  method  of  processing  angular  information;  however,  they  have 
principal  differences  in  the  formation  of  the  antenna  pattern. 

Angular  target  information  in  an  amplitude  system  is  contained  in 
the  ratio  of  Signal,  amplitudes,  and  in  a  phase  system  in  the  phase 
shift  caused  by  the  difference  in  signal  paths  from  target  to  antennas 
of  the  corresponding  direction  finding  channels. 


Combined  raonopulse  direction  finding  systems  have  certain 
advantages  in  design.  They  are  based  on  a  formation  of  antenna 
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radiation  pattern  which  ensures1  the  obtaining  of  independent  target 
information  simultaneously  with  amplitude  and  phase  relationships 
of  signals  received.  In  this  case,  it  can  be  avoided  with  direction 
finding  in  two  planes  only  by  two  interconnected  channels  with  one 
waveguide  bridge  at  their  input  (Pig.  1.19). 
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Pig.  1.19.  Block  diagram  of  a  combined  monopulse  system  for 
direction  finding  in  two  planes. 

KEY:  (1)  Signal  for  determining  range;  (2)  Send-receive  switch;  (3) 

Transmitter;  (4)  Sum  channel;  (5)  Mixer;  (6)  I-f  amplifier;  (7)  Phase 
detector;  (8)  Elevation  error  signal;  (9)  Annular  waveguide  bridge; 
(10)  Heterodyne;  (11)  AGC;  (12)  Mixer;  (13)  I-f  amplifier;  (1(4)  Phase 
detector;  (15)  Azimuth  error  signal;  (16)  Difference  channel. 


The  principle  of  forming  angular  errors  based  on  two  coordinates 
is  illustrated  at  the  same  time  by  the  vector  pattern  (Pig.  1.20). 
Designations  ^  and  (52  correspond  to  signals  in  the  vector  concept 
for  the  first  and  second  channels.  Signals  differ  in  amplitude  and 
phase. 


Difference  signal  ^2“^l»  as  ^een  figure,  can  be  represented 

in  the  form  of  two  independent  components,  one  of  which  is  found  in 
quadrature  with  the  sum  signal,  which  is  characteristic  for  a  phase 
direction  finding  system,  and  the  other  component  is  in  phase  or 
in  opposite  phase  with  the  sum  signal,  which  is  characteristic  for  an 
amplitude  direction  finding  system.  The  first  component,  as  will 
be  shown  below,  can  bo  used  as  an  azimuth  error  signal  and  the  second 
as  an  elevation  error  signal. 


) 


The  two- beams  formed  by  the  antenna  In  the  vertical  plane ;  are 
deflected-  from  each- other  by  angle  2 0Q,  and  in  the  .horizontal  plane 
are  parallel 'to  each  other  and  separated,  by  a  distance  l,  which  ' 
ensures  target  finding  in  the  vertical  plane  by  the  amplitude  method 
and  in  the  horizontal  plane  by  thei  phase  method.  '  '' 


Pig.  1.20.  Vector  diagram  illustrating  the  principle  of  a  combined, 
direction. finding  system:  A  -  is  the_cophased  icompondnt  of  the 
difference  signal  (elevation  error) ;,B  is  the  qpadrature-phase 
component  of  the  difference  signal  (azimuth  error). 

.  ■  i 

i  1  i 

In  order  to  form  beams  which  are  parallel  in  the  azimuth  plane, 
linear  feeds  of  the  antenna  are  tilted  and  irradiate  the  left  and  , 
right  halves  of  the  parabolic  cylinder.  1  In  order  to  slant  the  beams 
relative  to  each  other  in  the  vertical  plane,  the  feeds  areilocateb 
on  different  sides  from  the  focal  plane  (’one  above  and’ the  other 
below)  (Pig.  1.21).  '  !  1 

!  i  1 

To  extract  angular  information  with  respect  to  each  coordinate, 
at  output  of  receiving  channels  therp  are  two  phase  detectors, (  one 
of  which  forms  the  elevation  error  and  the  other  the i azimuth  error' 

3 

signal.  The  difference  signal  is  fed  to  the  azimuth  phase  detector 

*  s 

with  a  phase  shift  of  90°  relative  to  the  sum  signal,  which  is  the 
reference  signal.  The  other  elements  of  a  combined! amplitude-phase 
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system  are  similar  to  the  elements  of  the  amplitude  and,  phase  systems 

discussed  above.  •'  - 

.  ■>  J  . 

'  ^t  us  iexamine  the  formation  of  the,  direction  finding  char¬ 
acteristic  .in  a  combined  amplitude-phase  monopulse  system.  Let  the 
,ob  je’ct  of  the'  direction  finding  be  .displaced*  from  equisignal  direction 
irvtazimujth  by  angle  0a3  and  in  elevation  by  angle  6yM.  Then  the 
signals  at  antenna,  output  .will  differ' in  phase  in  accordance  with 
1  aluthal  displacement  of  the  angle. and  in  amplitude  in  accordance 
with. its  elevation  displacement  and  can  be  represented  in  the  form 
Oif  th'e  following  expressions: 


£,(<,  8),=  £„F(9..)F(6,-8,Jexpi 
:  £.((,  6)= EJ>  (#,»)  F  (9.  +  8,  J  exp  i  (.<  -%s). 


(1.89) 
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Pig.  1.21,  The  principle  of  forming  radiation  patterns  and  combined 
monopulse  systems. 

KEY:  (1)  In  the  horizontal  plane;  (2)  In  the  vertical  plane. 


i  'At  output  of  the  waveguide  bridge  the  sum  and  difference 
signals,  with  an  accuracy  up  to- the  constant  coefficient,  can  be 

'written  in  the  form 


Ei (I,  «)  =  £.  [  F  (V-  « r  0  «P  1  («* + Tf ) + 

■  +/J(«.  +  9I.)expi(»(-^]. 

£,(/,  9)  =  £,[f(9.-ei.)«p  i(«<+T!!)- 


(1.50) 


where 


After  frequency  conversion  and  amplification  in  the  I-f  amplific 
without  taking  into  account  phase  shifts  and  signal  standardization,, 
we  obtain  .  ' 

«c(/,  6y(()exp!^«0p+%jJ+  .  , 

+  ^  {9«  "My  *)  exP  *  J  j  • 

6)  =  £«tfp  |>  (6. - 6, m) exp  i 

“ ^ (9»  +  Oy  *) exp i  £«npf (1;.5i) 

At  output  of  the  quadratic  phase  detector,  taking  into  account 
signal  standardization  in  the  receiving  device,  the  error  signal 
is  determined  by  expression 


O /A\  —  v  Regain  *)  «%(<■  8) 

S  («)—*♦*•  ia(f,  8)u*e(<,  8) 


(1.52) 


In  accordance  with  this,  at  output  of  the  elevation  channel 
phase  detector,  after  elementary  conversion  the  error  signal  will 
have  the  form 


S(6y  i,)  =  K$  &~^-X 

'F‘  (®»%r  ®t  -),+^  (».*$,  *)  +2f  (8i  -  0,  M)  F  (8.+0y*)  cos  A*.r 


(1.53) 


. .  ,  In  the  presence  of .  small  angular  errors,  when  a  linear  approxi¬ 
mation  .of  the  radiation  pattern  is  valid. 


(1.54) 


F*  (9g  Z-  Z^^F'  (80)  (1  di  2j*0y  *). 


(1.55) 


Then  expression  (1.53),  when  the  transmission  factors  of  the 
receiving  channel  are  equal,  can  be  changed  to  the  form 


S  (0y  m)  — #<J>  A 

cos*“r 


(1.56) 


In  the  absence  of  disagreement  in  the  azimuth  plane  (A<|>  =  0) 
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we  obtain- 


S  (Oy  m)  —  #<J>  A  l4®* ' 


(1.57) 


i.e.,  expression  (1.57)  is  similar  to  expression  (1.30),  deduced  for 

an  amplitude  sum-difference  monopulse  system  under;  the  condition 

•  ( 

that  the  amplitude-phase  characteristics  of  the  receiving  channels 
were  identical. 


At  output  of  the  azimuth  channel  phase  detector,  taking  into 

account  the  additional  phase  shift  of  the  difference  signal  by  tt/2, 

when  k  •-  k  ,  we  obtain 
c  p 


I 


•  [t *'{  '*  ft  ' 

Re  ut{f,  8)  u%  (/,  8)  exp  1  -j- 
SW-^A  :ic^  8 )u%(<.8),  ‘  * 

.„  2F  (8,  -  Sr  M)  f  (8,  rRS,  >,)  A»tl 

Af*(8.-8fM)+f  *109+8J  u)+2f  (8,-8,i)F(8.+8.,M)  cos  Af., 

Sin  A?as  _ . 

^^»l  +  cosA?u 2  *  (1,58) 

■  Expression  (1. 58)  agrees  with  expression  (1.3*0,  obtained  for 
, a  phase  sum-difference  raonopulse  system.  The  error  signals  obtained 

.  are  used  .for  turning  the  antenna  systems  or  for  indicating  the  value 

»  \  ’  v  «  ;)*,  4ji 

\  .'iSnd  direction  of  antenna  mismatch  by  the  usual  method. 

,  t  ' 

.  ”  ,  ,  *  ’  *  »  < 

.Thus,  a  combined;  amplitude-phase  system  ensures  the  obtaining 

i  '  1  ■*  1  .I 

of  an  error  sigha.1  in<  both  direction  finding  planes  in  the  presence 

\  *!4  *  '  i;  ;  ’  •  x «  ‘  , 

of  only  two*  channels',.  '*  In  this '  lies  the  advantage' of  such  systems 
over  purely  amplitude  or  purely  phase  sum-difference  monopulse 
systems,  since  wit^i  direction  finding  in  two  planes  they  normally  re-, 
quire  four  radiation  patterns,  four  hybrid  bridges,  and  three  i-f 
channels.  However,  we  must  keep’  irv  mind  that  the  radiation  pattern  of 
a  combined  amplitude-phase,  system  has.  considerable  lobe  properties  and 
the  amplification  6f  the  sum  rhdjaition,  pattern  and  direction  finding 
sensitivity  are  approximately;,^  dBJbelow  optimal.  Therefore,  we 
must,  choose  a  combined  amplitude  phase,  system  on  the  basis  of  thorough 
calculations  takirig  into  ac.count  all  the:  advantages  and  disadvantages 
of  these  systems.  We  should  also  consider  that  combined  systems 
have  the  potential  of  increasing  resolution  with  respect  to  angular 
coordinates.  This  is  due  to  the  fact  th!a$  when  using  them,  only  two 
channels,  and  two  antenna  feeds  are  necessary.  The  use  in  such  systems 
of  foup  or  more  independent  feeds  furnishes  extra  information  which 
can  be  used  to  compare  an  additional  number,  of  equations  which  determine 
target  positions  in  space  and.  to  ensure  the  resolution  of  targets 
located  at  the  same  range  within  the.  range  beam.  This  will  be  dis¬ 
cussed  in  greater  detail  in.  Chapter ‘  ^.i  ;  • 


k2 


Sin'ce'i  combined,  syst.ems  have  certain  structural1  advantages,, 
they  have  found  wide  application  in  airborne  radar  technology  where 
the  weight  and  size  of  the  equipment  is  of'  prime  importance. 

One  of  the  first  monopulse  radars  operating  by  the  combined 
method  is  the  AN/APG-25  experimental  aircraft  radar  in  the  3-cm 
range,  designed  as  part  of  the  fire  control  system  in  the  tail  of 
a  US  Navy  patrol  aircraft  [94]. 

Along  with  combined  systems  of  the  sum-difference  type  we  can 
use  combined  systems  with  postdetector  signal  processing,  similar 
to  simple  amplitude  and  phase  monopulse  systems. 


§  1.6.  DESIGN  PRINCIPLES  OP  MONOPULSE  SYSTEMS 
OPERATING  IN  CONTINUOUS  AND  QUASICONTINUOUS 
RADIATION  MODES 

Characteristic  for  monopulse  systems  operating  in  continuous 
and  quasicontinuous  radiation  modes  is  the  use  of  target  selection 
with  respect  to  speed,  which  makes  a  certain  impression  on  their 
design  scheme.  Figure  1.22  presents  a  typical  block  diagram  of  the 
receiver  of  such  a  monopulse  system. 

Each  of  the  receiver  channels,  in  principle,  is  like  the 
1-channel  angle-measuring  devices  used  in  a  radar  with  continuous 
radiation.  After  frequency  conversion  and  amplification,  i-f  signals 
are  fed  to  the  mixers  (4)  and  (5),  the  heterodyne  voltage  for  which 
is  the  reference  signal  of  the  transmitter  on  intermediate  frequency. 
The  Doppler-frequency  signals  forming  at  mixer  output  are  then 
amplified  in  Doppler-frequency  amplifiers  (D-f  Ampl.)  and  selected 
with  respect  to  frequency. 

For  the  selection  of  signals  based  on  Doppler  frequencies, 

which  corresponds  to  the  selection  of  targets  based  on  speed, 

in  the  receiver  are  provided  mixers  (6)  and  (7)  at  whose  output 

narrow-band  Doppler  filters  F-l  and  F-2  are  installed,  whose  passband 

» 

width  is  selected  in  accordance  with  requirements  for  target 
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resoiutiqn ^bas^d'^oh  .spejcd.  frequency  conversion  is  accomplished  with 
the' .aid;  of '  signals  from;  the  tracking  heterodyne,  controlled  by  signals 
.  of  the  frequency  discriminator. 


Fig.  1.22.  Block  diagram  of  a  receiver  of  a  monopulse  system  with 
selection  based  on  speed. 

KEY:  (1)  Signal  from  antenna  output;  (2)  Mixer  -1;  (3)  I-f  amplifier 
-1;  (4)  Mixer  -4;  (5)  Doppler  frequency  amplifier  -1;  (6)  Mixer  -6; 
(7)  F-l;  (8).  Error  signal;  (9)  Phase  detector;  (10)  Mixer  -2;  (11) 

I-f  amplifier  -2;  (12)  Mixer  -5;  (13)  Doppler  frequency  amplifier  -2; 
(14)  Mixer  -7;  (15)  F-2,;  (16)  Reference  signal;  (17)  Mixer  -3;  (18) 
I-f  amplifier  of  reference  signal;  (19)  Heterodyne;  (20)  Tracking 
heterodyne;  (21)  Frequency  discriminator. 


Signals  from  outputs  of  the  Doppler  filters,  containing  informa¬ 
tion  concerning  the  direction  to  a  chosen  target,  are  fed  to  the 
phase  detector  where  the  error  signal  Is  formed  which  is  used  in  a 
direction  finding  system  on  the  usual  order. 


Direction  finding  systems  with  selection  based  on  speed  are 
rather  narrow-band.  This  imposes  additional  requirements  on  the 
receiving  channels  with  respect  to  the  identity  of  their  amplitude- 
phase  characteristics.  Nonidentity  of  channels,  particularly  of 
Doppler  filters,  will  cause  target  finding  error.  Since  the  narrow- 
band  filters  have  great  steepness  of  phase-frequency  characteristics, 
while  target  speed  and  Doppler  frequency  connected  with  it,  i..  the 
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tracking  process  based  on  speed,  varies  within  considerable  limits, 
even  a  slight  nonidentity  of  phase-frequency  characteristics  of 
•the  Doppler  filters  will  cause  a  large  parasitic  signal  phase  shift 
entering  the  phase  detector  and  bring  about  considerable  error  in 
direction  finding. 

The  quasicontinuous  mode  of  radiation,  which  characterizes  ‘the 
emission  of  pulses  with  a  low  duty  cycle,  also  makes  it  possible 
to  select  targets  based  on  speed.  Therefore,  the  design  of  the 
receiver  of  a  monopulse  quasicontinuous  radar  is  similar  to  that 
discussed  above.  The  only  difference  lies  in  the  fact  that  when 
using  a  quasicontinuous  mode  of  radiation,  there  is  introduced  into 
the  receiver.’ a  gating  of  the  i-f  range  amplifiers.  Requirements 
for  identity  of  receiving  channels  remain  the  same  as  they  are  with 
a  continuous  signal. 
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\rnmm  radar  system  antennas 


§  2.1.  RELATIONSHIP  BETWEEN  THE  RADIATION 
PATTERN  OF  THE  ANTENNA  AND  THE  CURRENT 
DISTRIBUTION'  ON-  ITS  SURFACE 

The  antenna  is  the  main  element  of  a  monopulse  radar.  It 
connects  the  radiating  source  and  the  angular  discriminator.  The 
main  characteristics  of  monopulse  radars  depend  considerably  upon 
the  design  of  the  antenna  system. 

The  shape  of  the  radiation  pattern  in  a  monopulse  radar  has 

a  considerable  effect  on  the  direction  finding  characteristic.  In 

order  to  obtain  a  predetermined  shape  of  radiation  pattern  and, 

consequently,  a  predetermined  direction  finding  characteristic,  we 

must  select  the  proper  current  distribution  on  the  antenna  surface 

or  the  field  distribution  in  the  aperture. 

« 

To  derive  the  relationship  between  antenna  radiation  pattern 
and  current  distribution  on  the  antenna  surface,  we  should  examine 
a  rectangular  antenna  (Fig.  2.1),  whose  width  in  the  direction  of 
the  y-axis  is  d.  When  d  >>  A,  the  expression  for  the  electrical 
field  intensity  in  the  remote  zone  has  the  form  [*!*!] 

j! 

*T*1,.)”T  i*  (f* 

where  ’ — ? 


is  the  complex  function  of  current  distribution  on  the  antenna 
surface  at  distance  y  from  the  center  of  the  aperture;  is  the 

j  Q 

generalized-  coordinate  of  the  antenna  aperture;  sin  6  is  the 
generalized  approach  angle. 


After  change  of  the  variables 


«  =  ic-xsm6;  o: 


2 

t y 


(2.2) 


equation  (2.1)  can  be  written  in  the  form 

l 


E(u )  =  ^  *F  (v)  exp  i  uo  do, 

-i 


(2.3) 


where 


'F  (o)r=^(u)expi«j»(t>). 


Pig.  2.1.  Radiating  aperture  of  antenna. 

Equation  (2.3)  in  mathematical  respects  is  similar  to  the  inverse 
Fourier  transform.  Consequently,  the  theory  of  Fourier  transforms 
can  be  applied  to  the  calculation  of  the  field  intensity  pattern 
if  we  know  the  current  distribution  on  the  antenna  surface. 


'  * 

,  The  Fourier  ^transform  of  function  f(t)  is  written  in  the- 
following  manner: 


(2.4) 


and  the  inverse  Fourier  transform  has  the  form 


•  CO 

/(()  = 


(2.5) 


In  equation  (2.3)  the  limits  of  integration  can  be  extended  to 
an  interval  from  -  «  to  +  »  since  current  distribution  ^ ( v)  is  equal 
to  zero  for  |v|  >  1.  Then  the  function  of  current  distribution  on 
the  antenna  surface  is  a  Fourier  transform  of  the  field  intensity 
diagram  E(u): 

,jr  (°)  =  -ST  I £  (“)  d#- 

,  — «  •  (2.6) 


Thus,  based  on  equation  (2.6),  we  can  find  current  distribution 
4* ( v) ,  which  ensures  the  obtaining  of  a  given  pattern  E(u)  and,  based 
on  equation  (2.3),  we  can  calculate  the  antenna  radiation  pattern 
with  different  current  distributions  for  the  antenna  radiation  pattern 
field  in  its  aperture. 


For  example,  for  a  uniform  field  distribution  in  the  aperture, 
when  the  constant  value  of  field  amplitude  is  AQ,  and  phase  dis¬ 
tribution  along  the  aperture  constant,  the  antenna  radiation  pattern 
calculated  according  to  equation  (2.3)  has  the  form 


(2.7) 


This  radiation  pattern  in  coordinates  "u"  exists  within  limits 
from  -  »  to  +  «  (Fig.  2.2).  However,  since  the  function  of  field 
distribution  in  the  aperture  must  revert  to  zero  beyond  the  antenna 
aperture,  angle  0,  measured  from  axis  Z,  cannot  be  greater  than 
+90°  and  -  1  <  sin  0  <  1. 
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Thqn  the  range  of  effective  approach  angle  lies  within' 

j  j 

*"  7TX  1  u  —  nX  anc*»  consequently,  only  the  part  of  the  antenna  pattern 
located  in  the  above  mentioned  interval  corresponds  to  the  physically 
possible  range  of  approach  angles.  The  portion  of  the  radiation 
pattern  located  outside  this  interval  can  be  defined  as  "invisible.." 

* 

In  reference  [15]  it  is  shown  that  the  powers  in  the  "visible" 
and  "invisible"  portions  of  the  radiation  pattern  are  connected; 
respect? vely,  with  the  active  and  reactive  powers  in  the  aperture. 


Pig.  2.2.  Antenna  radiation  pattern  in  the  case  of  uniform  field 
distribution  in  the  aperture. 

The  presence  of  an  "invisible"  part  of  the  antenna  radiation 
pattern  represents  certain  requirements  on  the  multiplicative  ratio 
of  signals  rm(u).  When  using  for  direction  finding  either  amplitude 
or  phase  patterns,  it  is  necessary  that  rm(u)  be  independent  of  the 
unused  ("invisible")  pattern  for  direction  finding  [41] .  From 
equation  (1.6)  it  is  apparent  that  the  necessary  and  sufficient 
condition  is  the  requirement  that  the  usable  radiation  pattern 
be  an  even  function  with  respect  to  equisignal  direction,  i.e.,  for 
purely  amplitude  direction  finding 

{«)=<?*(«),  '  (2.8) 

and  for  purely  phase  direction  finding 


(2.9) 


The  requirements,  imposed  by  equalities  (2.8)  and  (2.9) »  on 
the  unusable  radiation  patterns  are  limited  in  a  certain  manner  to 
the  form  of  current  distribution  on  the  antenna  surface.  As  indicated 
in  Chapter  1,  in  monopulse  direction  finding  systems  it  is  usually 
accomplished  by,  the  displacement  of  two  amplitude  patterns  by  a 
small  angle  6q  relative  to-  equisignal  direction  or  by  the  displacement 
of,  the  phase  centers  of  the  two  patterns.  Amplitude,  patterns  at  an 
angle  to  each  other  are  formed  by  currents  which  have  a  linear  phase 
distribution  function.  A  displacement  of  the  phase  centers  of  the 
two  patterns  can  be  obtained  only  if  the  phase  distribution  function 
is  constant. 


In  reference  [62]  it  is  indicated  that  with,  linear  current  phase 
distribution  the  maximum  possible  antenna  amplification  is  ensured. 
Therefore,  we  shall  assume  that  the  phase  distribution  function  is 
linear  for  amplitude  direction  finding  and  constant  for  phase  direction 
finding.  With  this  assumption,  amplitude  distribution  for  amplitude 
direction  finding  with  linear  phase  distribution  must  be  a  symmetrical 
function  with  respect  to  the  center  of  aperture,  while  for  phase 
direction  finding  with  constant  phase  distribution  it  can  be  any 
arbitrary  function  [4l]. 


Fig,  2.3.  Antenna  radiation  patterns  with  displaced  equisignal 
direction. 


The  introduction  not  of  the  approach  angle  itself  0  but  of 
generalized  u  as  an  independent  variable  makes  it  possible  to  extend 
the  basic  theoretical  positions  of  the  monopulse  method,  in  the  above 


assumption,'  'that  equisignal  direction  Js  perpendicular  to  the  plane 
of  the  antenna  aperture,  to  the  case  of  an  arbitrary  direction 
for  the  equisignal  line. 


Figure  2.3  presents  antenna  radiation  pattern  of  a  monopulse 
system  for  direction  finding  in  one  plane.  If  the  initial  pattern 
F(u)  is  displaced  along  axis  u  to  a  generalized  displacement  angle* 
of  equisignal  direction  ucflQ,  connected  with  the  physical  displacement 
angle  0cflB  by  equation 


Ucp*—~Y  sin  Oca* 


(2.10) 


the  displaced  complex  iation  pattern,  in  accordance  with  equation 
(2.3),  is  written  in  the  form 

l  •  .  • 

fx  («  -  «c*b) =j4(0)  exp  {i  |«j>  (v)  -  (u  -  ttCfltl)  t,]}  d o  (2>n) 

The  displacement  of  the  radiation  pattern  is  achieved  physically 
by  a  linear  shift  of  the  initial  distribution  in  the  aperture  by 
quantity  uCfl0v*  If  the  initial  pattern  was  displaced  with  respect  to 
equisignal  direction  by  angle 


«0=-^-sin60, 


(2.12) 


the  displaced  pattern  also  will  be  shifted  with  respect  to  the 
displaced  equisignal  direction  ucflQ  by  angle  uQ. 

The  multiplicative  ratio  of  signals  received  with  displaced 
equisignal  direction  will  be  determined  by  expression 


rm  («)= 


ft  iu  ~~  uc*») 


(2.13) 
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which  i  when  u  =  0,  i-sduces  to  the:  usual  determination  in  accordance  i 

'  '<?  ,•  '  A  CflB  ;  ,  !  • 

with  (1.6) . 

i 

I  ‘  "  ’ 

Thus,  radiation  patterns  and  monopiilse  ratios  are  preserved 
without  distortion  in  the  presence  of  a?bitrary  displacement  of  ,  i 
equisignal  direction,  when  they  are  expressed  in  terms. of  a  generalized  • 
coordinate  of  the  radiation  pattern i  , 

§  2.2  PARABOLIC  ANTENNAS  .  :  .  ! 


A  diagram  of  a  parabolic  antenna,  which  consists  of  a  metal  1 
mirror  in  the  form  o'*  a  paraboloid  of  rotation  and  a  feed,  is  presented 
in  Pig.  2 . h .  , 

l 

The  main  properties  of  the  parabolic  mirror  are  the  following: 

1  1  i 

1)  diverging  beams,  proceeding  from  a  source(  installed  in  the 

focus  of  the  mirror,  after  reflection  from  its  surface  become 
parallel;  1  ,  i 

•  A 

2)  the  distance  crossed  by  any  beam  from  focus  to  mirror  and 
after  reflection  from  a  plane  perpendicular ’to  the  axis  of  the 
paraboloid  does  not  depend  upon  the-  angle  at  which  the  beam  left 
the  focus.  Because  of  this,  a  plane  wave  front  with  a  uniform  phase 
is  formed. 

:  , 

A  paraboloid  which  has  an  apert:ure  angle  of  2<Xqi  >  tt  is  called 
a  short-focus,  and  a  paraboloid  which  has  2cxq  <  tt  a  long-focus.  i 
For  a  short-focus  paraboloid  the  ratio  of  focal  distance -to  mirror 
diameter  is  fn/dn  <  0.25,  and  for  a  long-focus  paraboloid  it  is  > 
f„/d  >  0.25.  Parabolic  antennas  for  monopulse  radar  stations 
usually  have  f  /d  ratios  lying  within  0.5-1,  which  makes  it  possible 

*  i  I 

to  inters  -  the  radiation  patterns  at.  the  prescribed  level. 

i 

*  .  ! 

i  * 

The  most  widely  used  type  of  feed  for  parabolic  tionopulse 
antennas  is  the  waveguide  horn  which  can  be  installed  by  one  of  ! 

the  methods  indicated  in  Pig.  2.5.  In  both  cases,  the  waveguide 
feeding  the  horn  passes  through  the  reflector,  which  leads  to  a  , 
shading  of  the  aperture  and  the  appearance  of  a  reverse  reaction 

i  *  * 
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oh.’ -the  feed,  because  of  the  energy  .reflected  from  the  mirror,,  The 
feed,  '.the  waveguide, ..and'  the  attachment  element  shade  the  aperture 
of  the.  mirror  and  changes  the  effective  radiation  pattern,  while 
the  energy  reflected  from  ttye.mirrer,  falling  on  the  feed  and  being 
propagated  in  the.  reverse,  direction  along  the  waveguide,  causes 
-a  mismatch  in  total  resistance  and  worsens  the  transmission  char- 

f- 

acteri'$tic,  . 


!  I* 


I  ‘ 


!  ' 


.(2)’ 


Pig.  2.1).  Diagram  of  a  parabolic  antenna:  dn  -  diameter  of  parabolic 

mirror;  fn  -  focal  distance;  Fn  focus  of  mirror;  2<Xq  -  angle  of 

aperture.,  *  1  • 

KEY:  (1) !  P.araboli'c  mirror;  .(2)  ^eed'.^ 


t)  (b) 


Pig/2;5.  Methods  of  attaching  feeds  to  parabolic  antennas. 
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(3.1 

(4) 


Pig.  2.6,  Change  in  direction  of  maximum  radiation  with  displacement 
of  feed'. 

KEY,:  (1)  Parabolic  mirror;  (2)  Displaced  feed;  (3)  Main  direction 
of  maximum- radiation;  (4)  Direction  of  maximum  radiation  with  dis¬ 
placed  feed. 

If  the  feed  is  displaced  from  the  focus  of  the  parabolic 
antenna  by  angle  along  a  circumference  with  a  center  located  at 
the  apex  of  the  paraboloid,  the.  direction  of  maximum  radiation  is 
deflected  from  the  axis  of  the  mirror  by  angle  a 2,  somewhat  less 
than  angle  (Pig.  2.6).  The  direction  of  maximum  radiation  is 
turned  to  the  direction  opposite  the  displacement  of  feed. 

I 

In  monopulse  systems  with  amplitude  direction  finding,  a  pair 
of  feeds  displaced  symmetrically  from  the  focus  gives  symmetrically 
overlapping  amplitude  radiation  patterns  for  direction  finding  in 
one  plane  (see  Pig.  1.1). 


Pig.  2.1.  Antenna  of  a  monopulse 
system  with  phase  direction 
finding. 
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Fig.  2.8*.  .Parab.olic.  mirror  /1th 
slanted  feeds. 

KEY:  (1)  Parabolic' mirror; 

(2)  Feeds. 


a) 


In  monopulse  systems  with  phase  direction,  finding,  the  antenna 
system  for  direction  finding  in  one  plane  consists  of  two  separate 
parabolic  antennas  spaced  at  a  distance  (base  line)  l  (see  Fig.  1.2),  4 
with  the  feed  located  in  the  focus .  One  of  the  antennas  or  both 
of  the  antennas  can  be  used  for  transmitting.  An  example  of  such 
an  antenna  is  the  antenna  (Fig.  2.7) »  used  in  the  first  monopulse 
system,  developed  by  General  Electric  [^1],  In  design  the  antenna 
consists  of  four  16-inch  parabolic  mirrors,  cut  off  and  welded  together 
with  separate  feeds  located  in  the  corresponding  focus.  For  reception, 
three  antennas  were  used,  and  sincis  for  .elevation  and  azimuth 
direction  finding  two  reflectors  each  are  used,  one  is  common  for 
both  planes.  The  use  of  a  separate  transmitting  antenna  eliminates 
the  necessity  for  switching  the  antenna  system  to  transmission  and 
to  reception. 

The  development  of  monopulse  systems  with  phase  direction  finding 
led  to  the  creation  of  single-mirror  antennas  with  a  four-horn  feed 
located  in  the  focus  of  the  mirror;  however,  each  horn  is  slanted 
with  respect  to  its  axis  (Fig.  2.8).  In  this  case,  in  each  plane 
two  parallel  beams  are  formed. 


§  2.3.  PARABOLIC  ANTENNAS  WITH  A  PRIMARY  RADIATOR 

Parabolic  antennas  with  a  primary  radiator  (Oassegrian)  have 
found  wide  application  in  monopulse  systems  because  of  a  number  of 
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advantages  which  (will  be' discussed  below.  In  such  antennas,  (Pig. 

■2.9)  the  feed  is | located' -kt;  the  dpex  of  the  parabolic  mirror,  and 
a  hyperbolic  primary  radiator  is  loqated  between  the  apex  and  the 
focus  of  the  parabola.  One  of.  the- two  foci  of  the  hyperbola  is 

-  t}!ie  actual  focus  of  the  antenna  system  P  and  is  located  in  the 

i  ,  P 

center cf  the  feed}  the  other  is  the  imaginary  F*  and  is  located  in 
the  focus  of  the  parabola.  Points  P’^  and  Fp  are  conjugate  foci 
of  the  hyperbolic  primary  radiator.  Waves  from  the  reflector  and 
primary  radiator  are  reflected  according  to  laws  of  geometric 
optics  (Pig.  2.9b)  and  after  reflection,  the  beams  proceed  in  parallel 
and  the  wave  front  is  flat. 


Parameters  of  a  parabolic  antenna  w£th  a  primary  radiator, 
indicated  in  Fig.  2.9a,  are  connected  by  the  following  equations 
[56]: 
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Usually  parameters  dn,  Vn,  fp  and  ap  are  determined  based  on 
the  necessary  dimensions  and  characteristics  of  the  antenna  system, 
and  according  to  them  aQ,  dK  and  fQ  are  calculated. 


If  we  consider  the  primary  radiator  a  hyperbolic  mirror1  creating 
a  mirror  image  of  the  feed  at  P*n  ,  located  in  the  focus  of  the 
parabola,  an  antenna  with  a  primary  radiator  can  be  considered  an 
ordinary  single-mirror  parabolic  antenna  but  with  another  feed 
(Pig.  2.10).  Then  the  solid  angle  2ap,  formed  by  the  primary  radiator 
at  point  Fp,  will  differ  from  solid  angle  2aQ.  The  imaginary  feed 
has  a  effective  aperture  smaller,  while  the  radiation  pattern  is 
wider,  than  actual,  i.e.,  amplification  occurs  because  of  the  use 
of  a  hyperbolic  primary  radiator  and  is  equal  to 
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b _ *r-f  1 

k*~eT~V  .  • 


(2.17) 


where 


is  the  eccentricity  of  the  hyperbolic  primary  radiator. 


hafiadb/iuvectfot  jtpxaAo  /  2\ 


Pig.  2.9.  Diagram  of  parabolic  antenna -with  primary  radiator: 
a)  geometry  of  antenna;  b)  principle  of  'antenna  action. 

KEY:  (1)  Actual  focus;  (2)  Parabolic  mirror;  (3)  Imaginary  focus; 
O)  Hyperbolic  primary  radiator. 


Amplification  is  also  equal  to  the  ratio  of  the  difference 
between  the  distances  from  primary  reflector  to  real  and  imaginary 
foci  to  the  distance  from  primary  reflector  to  imaginary  focus 


*r  /.  ■ 


(2.18) 


However,  on  the  other  hand,  the  use  of  a  primary  reflector  in 
such  an  antenna  system  leads  to  the  shading  of  the  aperture,  which 
causes  a  dip  in  the  amplitude  field  distribution,  as  a  result  of 
which  amplification  decreases  and  the  level  of  the  side  lobes  increases. 


t 
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In  order  to  r.educe  shading,  we  can  reduce  the  dimensions  of  the 
primary  refle.ctpr,  simultaneously  increasing  the  directivity  of  the 
feed  or- bringlng  liti,  nearer  the  priniary  reflector.  However,  the 
shading  of  Shb' -aperture  can  be  .caused  by  the  feed  itself  and  can  be 
greater  than  ;the  Shading  caused  by  the  primary  reflector.  Therefore, 

f  *  (  /j, 

when  selecting  the!  dimensions,  of  a  primary  reflector,  we  must  find 
a  compromise'  solution^  'Shading  is  .minimal  ,when  the.,  size  of  the  feed 

>  ■  /  7  *.  ‘  i;  ‘ 

ana  the  distance  are;  sele.ctefi.sp;  that  shadings  caused  by  the  primary 
reflector  arid  the  ;feed;are  approximately  the  same.  In  reference  [56] 
the  chief  condition1  fpr/[_.mlni!mal.  .shading''  is  obtained  (Pig.  2.10) : 

■  4  V  ■ 

/  ' ./« d*:-:  (2.19) 


df  is  the,  .dipmeteh  of  'the '-feed-  aperture;  i 
effective  and.gepme/tric  diameters  pif  the  aperture  0 

;  .  ■'  l*  '  t  >,  '' *■  '  '  / 


where 


is  the  ratio  of 


erture  of  the  feed. 


The  approximate  Equality-  (-2.19)  is  obtained', on  the  assumption 

V  .*  »  «  I  *  v  "  .*  *  i  '  ‘  '  f 

angle  a„  and  a-  are,  small  arid-  the  primary  refl'ect.dr  is  located  con- 
siderably  nearer  the--Smaginary  .-focus  than, it.  is  to. the  feed. 


Pig.  2.10.  Minimum  shading  of  primary  radiator. 

KEY:  (1)  Actual  feed;  (2)  Imaginary  feed;  (3)  d.  =  d,  min. 


Pig.  2.11.  Antenna  with  turning  of  polarization  plane  to  eliminate 
shading  of  the  primary  radiator.  1  -  horizontal  polarization; 

2  -  vertical  polarization. 

KEY:  (1)  Mirror  which  turns  polarization  plane. 


The  miminal  diameter  of  shading  is  approximately  [56] 


The  relationship -5  examined  above  for  minimal  shading  are  valid 
for  operation  at  any  polarization.  However,  in  case  of  operation 
„  '.fch  only  linear  polarization,  we  can  reduce  shading  by  using  methods 
,'or  turning  polarization.  In  this  case,  the  primary  radiator  (Pig. 
2.1-1.)  is  a  horizontal  grid  which  reflects  a  horizontally  polarized 
wave  and  transmits  vertically  polarized  waves.  Near  the  surface 
of  the  main  mirror  is  located  a  device  which  changes,  during  reflec¬ 
tion,  the  polarization  of  a  wave  from  horizontal  to  vertical;  the 
wave  then  passes  without  hinderance  through  the  primary  radiator 
with  very  small  reflections,  causing  virtually  no  shading. 

Since  feeds  can  be  made  with  small  dimensions,  the  shading  they 
cause  will  be  small  and  comparable  with  the  shading  in  an  ordinary 
parabolic  mirror.  Consequently,  in  antenna  systems  with  deflection 
of  polarization  plane,  it  is  expedient  to  use  a  large  primary 
radiator  and  a  small  feed. 
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The  formation  of  two  radiation  patterns  ^for  direction  finding, 
in  one  plane  in  monopulse  systems  using  parabolic  antennas  with  a 
primary  radiator  is  carried  ;out  -by  the  same  methods  as  in  monopulse 
systems  with  ordinary  parabolic  antennas.  ' 

The  most  important  advantage  of  a"parabolic  antenna -with  a 
primary  radiator  when  using,  it  in  a.  monopulse  system  is  the  possibility 
of  placing  the  feed  behind  the  mirror,  which  makes  it  possible  to 
reduce  the  length  of  the  feeder  line  which  supplies  the  feed  and, 
consequently,  to  reduce  error  in  angular  coordinate  measurement 
because  of  the  appearance  of  phase  difference  between  segments  of 
feeder  lines.  In  addition,  in  this  case,  it  is  possible  to  use  in 
the  receiving  device,  low-noise  amplifiers  (quantum-mechanical  or 
parametric)  since  they  can  be  placed  directly  beside  the  feeds.  In 
ordinary  parabolic  antennas,  losses  in  the  feeder  line  connecting  the 
feed  with  the  low-noise  amplifier  located  behind  the  mirror  cause 
signix’icant  reduction  in  sensitivity  of  the  receiving  device,  while 
the  location  of  the  low-noise  amplifier  near  the  focus  of  the  para¬ 
boloid  leads  to  an  increase  in  aperture  shading. 

Another  important  advantage  of  an  antenna  with  a  primary  radiator 

is  the  possibility  of  obtaining  an  equivalent  focal  distance  exceeding 

the  actual  axial  dimension  of  the  antenna,  i.e.,  the  possibility  of 

obtaining  from  a  parabolic  surface  with  a  low  f  /dR  ratio  the  same 

effect  as  in  the  case  of  using  a  parabolic  surface  with  a  high 

fR/dn  ratio.  When  locating  the  feeds  at  the  apex  of  the  parabolic 

reflector  or  between  the  reflector  and  the  primary  radiator,  the 

effective  f  /d  ratio  can  exceed  the  f„/d„  ratio  for  ordinary  parabolic 
n  n  n  n 

antennas  by  no  more  than  a  factor  of  two.  Thus,  the  total  length  of 
an  antenna  with  primary  radiator  can  be  cut  in  half  as  compared  with 
an  ordinary  parabolic  antenna. 


A  third  advantage  of  this  antenna  is  the  possibility  of  swinging 
the  beam  by  moving  the  primary  radiator. 
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'§  2,4;.  -LENS  ANTENNAS 

Lens  antennas  are  also  used  in  monopulse  radar  stations. 

The  -principle  of  action  of  a  lens  antenna  is  based  on  the  laws 
of  .beam  refraction  at  the  interface  of  two  media.  From  optics  we 
know  that  if  the  beam  falls  on  a  flat  interface  of  two  media  with 
dielectric  constants  e1  and  e2,  respectively,  the  angle  of  refraction 
can  be  found  from  relationship 


sinP,=“sinpi. 


(2.21) 


where  &2  is  the  angle  of  incidence;  n-^  and  n2  are  the  refractive 
indices  of  the  media. 

The  refractive  indices  of  a  medium  is  the  ratio  of  the  propagation 
velocity  of  electromagnetic  waves  in  free  space  to  their  propagation 
velocity  in  a  given  medium.  It  is  equal  to  the  square  root  of  the 
dielectric  constant  of  this  medium: 


Thus , 


sinft=:j/  ~sinpa. 


(2.22) 


Using  this  property  of  beams,  we  can  explain  the  physical 
essence  of  the  action  of  a  dielectric  lens  (Fig.  2.12)  in  the  following 
manner.  The  source  F^,  radiating  a  beam  of  diverging  rays,  is  located 
in  air  (n-^  =  1).  In  the  dielectric  lens  the  propagation  velocity 
of  the  wave  front  is  less  than  in  air  and,  therefore,  the  path 
followed  by  the  wave  will  be  longer  in  the  center  of  the  lens  and 
shorter  on  its  edges.  Correspondingly,  the  wave  front  in  the  central 
part  of  the  lens  is  propagated  more  slowly  than  the  wave  front  on 
its  edges.  Consequently,  as  the  wave  front  moves  in  the  direction 
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away,  from  the  feed- toward  the  unilluminated  surface^of  the  lens, 
its  gradual  rectification  occurs.  With  the  proper  selection  of  lens 
profile,  a  fiat  wave  front  is  obtained  dn  its  unilluminated'  surface. 
Ordinary  dielectric  lenses,  since  they  $\e  expensive  and  heavy,  have 
not  found  wide  application  in  monopulse  radars.  Laminated  metal 
lenses  and  Luneberg  lenses  have  been  most  widely  used  in  actual 
practice. 

A  laminated  metal  lens  (Pig.  2.13a)  consists  of  plates  parallel 
to  the  vector  of  the  electrical  field  and  spaced  at  a  distance  of 
ln  from  each  other  (A/2  <  J  <_  A).  The  space  between  the  plates 
acts  as  a  waveguide  «dn  which  the  phase  velocity  is  higher  than  in 
air;  therefore,  the  refractive  index  is  less  than  one  and  is  calcu¬ 
lated  according  t’o  formula 


(2.23) 


With  the  proper  selection  of  lens  shape,  all  beams  passing  from 

point  reach  the  aperture  at  the  same  time  and  the  field  in  the 

aperture  will  be  cophased. 

•  ' 

n/tocKuu  i) 

>  tppOHm 


Fig.  2.12.  Dielectric  lens 

KEY:  (1)  Flat  front;  (2)  Spherical  front. 


The  less  distance  between  places  the  less  the  refractive  index 
and  the  thinner  the  lens.  But  even  when  the  refractive  index  is  on 
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the  order  of  0.5  ( l n  =  O.56X),  the  thickness  of  the  laminated  metal 
lens  Is  still  considerable.  In  order  to  reduce  the  thickness, 
staggered  laminated  metal  lenses  are  used  (Fig.  2.13b).  In  a 
staggered  lens  at  points  where  the  phase  advance  reaches  360°,  lens 
thickness  is  decreased  by  jumps,  i.e.,  when  the  length  of  the  plate 
reaches  the  value  ln  -  X/l-n,  plate  thickness  is  reduced  to  the 
value  it  has  in  the  center  of  the  lens.  The  360°  phase  change  at 
various  points  of  the  aperture  has  no  effect  on  phase  distribution 
of  the  field  in  the  aperture. 


Fig.  2.13.  Laminated  metal  lenses:  a)  waveguide;  b)  staggered. 

The  disadvantages  of  the  staggered  lenses  are  the  energy  losses 
and  the  increase  in  the  level  of  side  lobes  caused  by  the  shading 
from  the  staggering  and  the  increase  in  lens  'sensitivity  to  frequency 
change . 

The  formation  of  two  radiation  patterns  for  direction  finding 
in  one  plane  in  lens  antennas  is  carried  out  by  the  same  methods 
as  in  parabolic  antennas. 

The  Luneberg  lens  (Fig.  2.1^)  is  made  in  the  form  of  a  sphere 
and  has  a  varying  refractive  index.  Thanks  to  the  spherical  symmetry 
of  the  lens,  its  focusing  ability  does  not  depend  upon  the  direction 
of  wave  approach.  The  main  properties  of  a  Luneberg  lens  include 

*  the  fact  that  the  plane  wave  falling  on  it  is  focused  at  a  point 

\ 

lying  on  the  opposite  side  of  the  surface  and,  consequently,  the  wave 
from  the  point  source  0^,  located  on  the  surface  of  the  lens,  during 

*  passage  through  it,  is  transformed  into  a  plane  wave  (Fig.  2.11») . 
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The  refraction  index  in  the  Luneberg  leris  is  changed  in  the 
■.following  manner:. 


(2.2*0 


where  r^  is.  the  radius  of  the  Luneberg  lens; 

r^  is  the  distance  from  the  center  of  the  lens  to  a  point  where 
the  refraction,  index  is  calculated. 


Pig.  2.14.  Spherical  Luneberg  lens. 

KEY:  (1)  Plane  wave;  (2)  Point  source. 

As  is  apparent  from  formula  (2.24),  in  the  center  of  the  lens 
the  refraction  index  has  the  highest  value  and  is  equal  to  \/2; 
on  the  surface  of  the  lens  it  is  equal  to  one. 

Since  ground  and  airborne  radar  sets  usually  ensure  scanning 
and  tracking  of  targets  only  in  the  upper  hemisphere,  a  Luneberg  lens 
in  the  form  of  a  hemisphere  is  used  (Pig.  2.15),  in  the  base  of  which 
a  flat  reflecting  surface  is  installed  which  provides  a  mirror 
reflection  of  the  feed  from  point  0H  to  point  0'H. 


In  the  Luneberg  lens,  shifting  the  source  along  its  surface 
causes  a  corresponding  displacement  of  the  beam  in  the  opposite 


direction.  Swinging  the  beam  can  be  accomplished  by  two  methods: 
either  by  moving  a  single  feed  alorig  the  surface  of  the  lens,  or 
with  the  aid  of  a  large  number  of  feeds  located  on  its  surface, 
and  switching  the  transmitter  or  receiver  from  one  feed  to  another. 

In  order  to  form  several  beams,  several  feeds  located  in  a  correspon¬ 
ding  manner  on  the  lens  surface  are  necessary. 


Fig.  2.15.  Luneberg  hemispherical  lens. 

KEY:  (1)  Plane  wave;  (2)  Point  source;  (3)  Virtual  image  of  point 

source;  (4)  Plane  reflecting  surface;  (5)  Lost  radiation. 

A  Luneberg  lens  can  be  used  in  antennas  which  have  to  provide 
rapid  scanning  of  a  beam  within  a  large  angle  and  also  when  the 
antenna  is  installed  on  an  unstable  object,  for  example,  an  aircraft. 
In  the  latter  case,  beam  stabilization  during  the  motion  of  the 
vehicle  can  be  achieved  by  changing  the  position  of  the  feed.  A 
lens  antenna  possesses  a  number  of  advantages  when  compared  with  a 
mirror  antenna.  One  of  the  main  advantages  is  the  absence  of  aperture 
shading  since. the  feed  and  the  waveguide  are  not  in  the  radiation 
field;  another  is  the  possibility  of  rapid  shift  of  beam  in  a  large 
sector.  For  example,  the  Luneberg  lens  can  ensure  beam  displacement 
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throughout  the  upper  hemisphere.  In  addition,  lens  antennas  require 

1  i  •  .  ' 

less  rigid  mechanical  and  electrical  tolerances  and  have  a  short 
time  lag.  ,  i  •  j 

i  | 

Disadvantages  of  these  antennas  include  their  low  efficiency 
ratio  due  to  loss  in  materials,  the  considerable  volume  occupied, 
and  the  complexity  of  preparation.  . 


§  2.5.  CROSSPOLARIZATION  RADIATION, OP  MIRROR- 
ANTENNAS 


In  mirror  antennas  because, of  the  geometry  of  the  antenna  system 
and  also  because  of  the  imperfection  of  reflecting  surfaces  and  feeds, 
the  displacements  of  feeds  from  the !  focus  of  the  ref  lector,',  and 
diffraction  phenomena,  depolarization  (crosspolarization)  occurs, 
i.e.,  the  radiation  of  a  wave  polarized  in  a  different  manner  than 
required  [1,  16,  62,  63,  100,  and  101].  i  •  1 

‘  t 

.  ! 

Taking  into  account  the  effect  of  crosspolarization  radiation 
on  the  directivity  factor  of  the  antenna  and  the  accuracy  of  direction 
finding,  let  us  examine  it  with  respect  to  parabolib  antennas. 

!  i 

The  appearance  of  crosspolarization  radiation  caused  by  th^ 
geometry  of  the  antenna  system  (curvature  of  reflecting  surface) 
can  be  studied  in  the  example  of  a  paraboloid  excited  by  a  short 
electrical  dipole.  In  this  case,  the  electrical  field  in  the  aperture 
(Pig.  2.16)  is  determined  by  expression  [63]  '  ,  1  i 


^-ly.exp >lkx(f„+zj  £ Kj  ^cos^- 
—  ( 1  — -  COS  <j>n)  COS  25n]  —  ^  SIR  2$n  (1  — -  COS  <J>n)» 


(2.25) 


where  r 


n* 


E  and  it 


are  the  elements  of  a  spherical  system  of 


coordinates  (Pig.  2.16); 

I  is  the  value  of  current  on  the  surface  of  a  mirror: 
n 

fn  is  the  focal  distance  of  the  paraboloid;  i 

Zq  is  the  depth  of  the  paraboloid;  • 

i  1 
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x,  y  are 'the  unit  vectors  of  a  rectangular  system  of -coordinates; 
k^=  2tt / X  is  the5  .propagation  constant; 

nn  is  the  coefficient  determining  the  level  of  side  lobes. 


■  'y 
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'tfig.  '2.16.  System  of  -! coordinates  for  determining  field  in  paraboloid 
aperture . 


-  J  £-n/iDC«Dcmt. 
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Fig.  2.17.  Field  intensity  distribution  in  aperture  of  paraboloid 
excited  by, electrical  dipole. 

KEY:  (1)  Plan^. 


Figure  2.17  presents  the  typical  pattern  of  the  field  in  the 
aperture  of  ia  paraboloid  excited  by  an  electrical  dipole  located 


i  : 


I 


I 


in  the  focus  parallel  to  the  x-axis.  The  arrows  indicate  the 
components  of  the  vector  of  field  intensity  at  various  points  of 
the  aperture.  The  component  orthogonal  to  the  vector  of  the 
dipole’s  electrical  field,  whose  appearance  is-  due  to  the  curvature 
of  the  mirror  surfaces,  is  called  the  crosspolarization  component. 


Prom  equation  (2.25)  it  is  apparent  that  the  level  of  cross¬ 


polarization  radiation  grows  with  a  decrease  in  fn.  This  is  explained 
by  the  fact  that  at  low  fn/dn  the  curvature  of  the  mirror  surface 
is  greater. 


Pig.  2.18.  Field  intensity 
distribution  in  the  aperture  of 
a  paraboloid  excited  by  electrical 
and  magnetic  dipoles:  a)  dipoles 
in  focus;  b)  dipoles  out  of 
focus . 


If  a  magnetic  dipole  is  used  as  the  feed,  field  distribution 
in  the  paraboloid  aperture  has  the  same  character  but  the  cross¬ 
polarization  components  are  opposite  in  phase  to  the  corresponding 
crosspolarization  components  when  the  paraboloid  is  excited  by  an 

4 


68 


! 


electrical  dipole.  Consequently,  if  the  paraboloid  feed  is' com¬ 
bination  of  electrical  and  magnetic  dipoles  located  at  right., angles 
to  each  other,  we  can,  to  a  certain  extent,  compensate  for  the 
crosspolarization  radiation  of  the  antenna  caused  by  the  curvature 
of  its  surface.  A  small  rectangular  horn  can  serve  as  such  a 
feed  with  sufficient  accuracy.  However,  as  shown  in  reference  [100], 
compensation  is  not  complete. 

Moving  the  feed  from  the  focus,  which  is  virtually  what  occurs 
in  amplitude  monopulse  systems,  causes  amplitude  asymmetry  in  current 
distribution  on  the  paraboloid  surface  and,  as. a  consequence,  an 
increase  in  the  level  of  the  crosspolarization  component  in  the 
direction  of  feed  displacement  [16].  In  this  case,  compensation  of 
crosspolarization  radiation,  if  such  occurred  during  the  irradiation 
of  a  mirror  by  a  set  of  electrical  and  magnetic  dipoles  located 
orthogonally  in  the  focus  of  the  mirror,  is  impaired.  As  seen  from 
Pig.  2.18a,  with  the  arrangement  of  electrical  and  magnetic  dipoles 
in  the  focus,  the  resulting  currents  flow  along  lines  parallel  to 
the  x-axis  instead  of  the  global  lines  as  occurs  during  irradiation 
by  single  dipoles.  When  the  feed  is  removed  from  the  focus  ‘(Fig. 
2.18b),  there  is  observed  a  constriction  of  current  lines  along  the 
direction  toward  one  of  the  mirror's  edge".  Prom  the  crosspolarization 
components  which  then  occur,  only  those  wnich  are  located  on  different 
sides  from  the  x-axis  are  in  opposite  phase.  This  is  the  difference 
from  the  case  of  mirror  irradiation  by  a  single  dipole,  when  opposite 
phase  occurs  for  all  crosspolarization  components  located  in  various 
quadrants  of  the  paraboloid  surface.  A  similar  distribution  of  field 
components  will  also  occur  in  the  aperture  of  the  paraboloid. 

The  radiation  pattern  of  a  parabolic  mirror  when  it  is  excited 
by  a  linearly  polarized  field  is  characterized  by  two  patterns;  a 
radiation  pattern  with  the  main  (operating)  polarization  and  a 
radiation  pattern  with  crosspolarization.  When  mirror  excitation  is 
symmetric,  linear  polarization  occurs  only  in  the  direction  of  the 
main  planes:  with  deviation  from  them  there  occurs  a  distortion  of 
polarization  which  generally  assi nes  the  form  of  elliptic  polarization. 
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Figure  2.19  presents  a  standardized  radiation  pattern  in  plane 
H,  calculated  for  a  parabolic  mirror  with  aperture  diameter 
dn  =  37X  and  fn/d  =  0.25,  irradiat.ed  by  an  electrical  dipole  [100]. 
From  the  figure  it  is  apparent  that  the  radiation  pattern  with  cross¬ 
polarization  in  the  direction  of  the  optical  axis  of  the  antenna 
has  a  deep  minimum  and  tijro  symmetrical  maxima..  .The.  .lQb.e.s  o'f -the... 
crosspolarization  pattern  are  ‘located  at  a  45°  angle  to  the  main 
plane  and  its  maxima  coincide  with  t'he  first  minimum  of  the  radiation 
pattern.  ^ 


A  displacement  of  the  feed  with  respect  to  the  antenna  axis 
is .accompanied  by  a,  shift  in  the  patterns  of  crosspolarization 
components.  Figure  2.20  presents  the  calculated  radiation  pattern 
with  crosspolarization  f,or  three  values  of  feed  displacement  from 
the  focus  of  the  paraboloid  in  plane  x  (xQ  =  6.25X,  15A  and  19A)  [14]. 
It  is  apparent  from  the  figure  that  when  the  feed  is  removed  from 
the  foe  s,  there  is  a  deformation  of  the  crosspolarization  pattern; 
its  minimum  becomes  less  deep  and  its  maximum  more  mildly  sloping. 

The  level  of  the  crosspolarization  radiation  and  the  width  of  the 
crosspolarization  lobes  increase. 

<  (  '  ‘  - 


Fig.  2.19.  Radiation  pattern  of  a  mirror  antenna  Irradiated  by  an 
electrical  dipole. 

KEY:  (1)  With  basx  .  polarization;  (2)  With  crosspolarization. 
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Pig.  2.20. 

E./E .  „„„„  when  xo 

KEY:  (1)  min. 


Amplitude  radiation  patterns  in  <j>  planes  for  components 

=  19A.  - 


Crosspolarization  radiation  is  also  observed  in  the  case  of 
excitation  in  a  mirror  antenna  of  a  wave  with  circular  polarization. 
As  we  know,  in  order  to  excite  a  wave  with  circular  polarization, 
two  orthogonally  polarized  waves  with  identical  amplitudes  and  phase 
shift  of  tt/2  are  required.  Crosspolarization  of  an  antenna  leads 
to  distortion  in  amplitude  and  phase  ratios  for  these  components 
of  the  excitation  field.  In  this  case,  the  presence  of  circular 

polarization  in  the  direction  of  maximum  feed  radiation  does  not 

/ 

guarantee  circular  polarization  in  the  direction  of  maximum  mirror 
radiation.  In  many  cases,  in  order  to  obtain  optical  circular 
polarization,  it  is  necessary  to  resort  to  feeds  with  elliptical 
polarization.  However,  even  in  this  case,  circular  polarization 
can  be  obtained  only  in  the  direction  of  the  mirror's  optical  axis. 
In  other  directions  the  polarization  of  the  radiation  pattern  is 
elliptical  and  even  linear. 


In  reference  [101]  there  is  calculated  a  radiation  pattern 
with  crosspolarization  for  a  square  horn  excited  by.  two  'orthogonal 
oscillations  of  the  type  occurring  in  quadrature.  Figure  2.21 
illustrates  an  antenna  pattern  with  basic  polarization  in  a  diagonal 
plane  and  crosspolarization. in  the  ..main  plane.  Calculation  of  the 
crosspolarization  pattern  is  carried  out  according  to  formula 

E_  sin  u  .  C08B 

*=— -(Tj  ^y_o. 

As  seen  from  the  figure,  the  may.imum  level  of  crosspolarj  nation 
with  respect  to  the  main  maximum  is  -16  dB.  Thus,  actual  antennas 
of  circular  polarization  also  have  crosspolarization  by  which  we 
mean  circular  polarization  of  opposite  rotation. 


Since  the  receiving  channels  of  monopulse  systems  have  several 
radiators,  the  polarization  structure  of  the  antenna  radiation, 
described  above,  fully  corresponds  to  the  radiation  patterns  of  each 
receiving  channel  of  monopulse  radars.  Hence  it  follows  that  the 
antenna  radiation  pattern  of  a  monopulse  radar  has  a  complex  polari¬ 
zation  structure  and  contains  components  of  both  basic  polarization 
and  crosopolarization.  This  provides  a  certain  sensitivity  to  the 
polarization  characteristics  of  signals  received. 


Fig.  2.21.  Calculated  radiation  pattern  of  a  square  horn  with 
circular  polarization. 

KEY:  (1)  With  basic  polarization;  (2)  With  crosspolarization. 
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When  the  polarization  of  the  signals  received  coincides  with 

the  basic  polarization  of  the  receiving  antenna,  we  can  disregard 

the  effect  of  the  crosspolarization  components  and  examine  the 

\ 

radiation-  pattern  of  the  receiving  antenna  in  its  classical  form. 

However,  due  to  the  effect  of  various  causes,  the  reflected  signals 

/  . 

fed  to  receiver  input  are  depolarized,  i.e.,  differ  in 'polarization 
from  the  signals  radiated  in  the  direction  of  the  target.  This 
complicates  the  work  of  a  monopulse  system  and,  in  marjV  cases, 
increases  its  error  because  of  antenna  crosspolarization.  We  shall 
examine  in  Chapter  5,  in  greater  detail,  the  depolarization  of 
reflected  signals  and  its  effect  on  direction  finding  accuracy. 

§  2.6.  PHASED  ANTENNA  ARRAYS 

At  the  present  time,  antennas  made  in  the  form  of  phased  arrays 
have  found  wide  application  in  monopulse  systems.  A  phased  ant.enna 

I 

array  is  an  antenna  system  consisting  of  a  large  number  of  radiating 
elements  arranged  in  a  specific  manner  with  respect  to  each  other. 
When  signals  .entering  all  elements  agree  in  magnitude  and  phase, 
a  beam  is  formed  perpendicular  to  the  plane  of  the  antenna  array. 

The  beam  is  shifted  by  a  corresponding  change  in  the  phase  of  signals 
fed  to  each  element. 


Fig.  2.??.  Diagram  of  a  phased  array. 

KEY:  (1)  Direction  of  signal  approach;  (2)  Axjs  of  array;  (3)  Ampl.; 
(4)  Phase  switcher;  (5)  Summator. 
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•Figure  .2;  22  presents  the,  diagram  of  an  array  consisting  of  N, 
elements;  with,  various  distances  between  them.  In  the  signal  reception 
mode*  at  summator  output  total  output  voltage  u^  is  formed.  We  shall 
assume  that  -the  elements  of  the  array  are  isotropic  point  sources 
radiating  energy  unifprmly  in  all  directions.  The  signal  of  the  first 
element  is  considered  the  reference  signal  with  phase  $  .  Phase 
difference  for  signals  in  the  adjacent  elements  is 

5 

A_  2ttU  .  ‘ 

A¥p=-j~  sin  8. 


Then  the  radiation  pattern  with  respect  to  the  power  of  such 
an  array  has  the  form  [44] 


F*(0)= 


JV’  sin* 


(*■■ X  *ln#) 


(2.26) 


Since  a  reflecting  screen  is  placed  behind  the  antenna  array, 
it  is  advisable  to  study  radiation  only  in  the  forward  sector  of  the 
antenna  when  angle  0  lies  within  -90?  to  +90° . 


When  the  beam  is  displaced  in  the  sector  +90°,  the  smallest 
side  lobes  are  obtained  when  the  distance  between  elements  is 
half  the  wavelength,  i.e.,  I ^  =  A/2.  If,  however,  l ^  >  A/2,  then 
with  a  sweep  of  the  beam  there  appear  in  the  radiation  pattern 
diffraction  maxima  of  the  highest  orders  whose  amplitude  is  equal 
to  the  amplitude  of  the  main  beam.  From  equation  (2.26)  it  is  apparent 
that  they  appear  when  both  the  numerator  and  denominator  are  equal 
to  zero  or  when  sin  8  =  0,  it,  2ir,  etc.  Thus,  for  example, 

when  =  A,  the  diffraction  maxima  appear  at  0  =  +90°,  and  when 
l ^  =  2A,  they  appear  at  0  =  +30°  and  0  =  +90°.' 

In  practice,  the  distance  between  lattice  elements  l ^  is  selected 
based  on  the  condition  of  obtaining  the  necessary  width  of  radiation 
pattern  and  ensuring  the  prescribed  limits  of  beam  swing.  The  diffrac¬ 
tion  maximum  can  also  be  suppressed  by  the  nonuniform  arrangement  of 


74 


array  elements  since  the  directions  in  which  diffraction  maxima  are 
formed  for  various  segments  of  the  array  will  be  different,  which 
leadis  to  a  blurring  of  the  diffraction  maximum  of  the  array.  In 
addition,  the  nonuniform  arrangement  of  elements  makes  it  possible 
to  reduce  the  total  number  of  radiators  in  the  array  without  a 
significant  change  in  the  width  of  the  radiation  pattern. 

In  an  antenna  array  with  a.  nonuniform  arrangement  of  radiators 
the  closest  arrangement  of  elements  is  made  in  the  center  of  the 
antenna.  Moving  t  ’om  center,  spacing  between  elements  increases 
according  to  a  certain  rule.  Elements  are  arranged  symmetrically 
with  respect  to  the  center  of  the  array. 

If' we  assume  l  =  A/2  in  equation  (2.26)  and  replace  the  sine 
of  0  in  the  denominator  by  its  argument,  the  width  of  the  beam  with 
respect  to  points  of  half  power  Will  be  approximately  equal  to 

fl  _  101.8 

•  -  **5  N  *  .  (2.27) 

With  the  use  of  directed  elements,  the  radiation  pattern  with 
respect  to  power  of  a  linear  antenna  array  is  described  by  the 
expression 


*♦  (•>=*!<«)• 


sin* 


-y-sln  8^ 


N*  sia^n-y-sini 


')■ 


(2.28) 


where  ( 8 )  is  the  radiation  pattern  with  respect  to  power  of  a 
particular  element  of  the  array. 

Equation  (2.28)  is  valid  only  when  the  radiation  patterns  of  the 
array  elements  are  identical.  In  practice,  however,  the  condition 
of  identity  for  radiation  patterns  of  separate  elements  in  the  array 
is  not  fulfilled  because  of  the  interaction  between  elements.  There¬ 
fore,  equations  (2.28)  is  approximate  and  may  be  inappropriate  in 
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designing  an,  array.  The  radiation  pattern  of  an  array  can  be  determined 
Accurately,  by.  adding  the  radiation  patterns  of  all  elements.,  taking 
into  account  the  corresponding  amplitudes,  and  phases .  The  pattern 
of  each  element  must  be  removed  in  the  presence  of  all  other  elements. 

As  radiators  of  an  antenna  array,  various  weakly  directional 
antennas  are  usually  used:  vibrators,  slits,  horns,  dielectric 
rods,,  arid  spirals. 

/ 

The  radiation  pattern  of  a  two-dimensional  rectangular  flat 
array  can  be  represented  in  the  form  of  the  product  of  radiation 
patterns  in  two  planes  containing  the  main  axes  of  the  antenna. 

in  antenna  arrays  when  the  beam  is  deflected  from  the.  direction 
perpendicular  to  the  antenna  plane,  the  width  of  the  beam  increases 
approximately  in  inverse  proportion  to  cos  0. 


Pig.  2.23.  The  formation  of  beams  by  an  antenna  array  in  a  monopulse 
radar  with  amplitude  direction  finding. 

KEY:  (1)  Direction  of  signal  approach:  (2)  Arnpl.;  (3)  Summafcor; 

(*0  Beam;  (5)  F;SD  [tequisignal  direction]. 


An  array  forming  a  single  beam  can  be  transformed  into  a  multi¬ 
beam  antenna  by  including  additional  phase  switchers  at  the  output 
of  each  element.  In  order  to  form  each  beam,  one  additional  phase 
switcher  is  required. 

In  monpulse  systems  with  amplitude  direction  finding.,  the  for¬ 
mation  of  two  intersecting  radiation  patterns  is  carried  out  as 
shown  in  Pig.  2.23.  Signals  from  amplifier  output  of  each  element 
are  fed  to  two  groups  of  phase  switchers  forming  two  beams.  Prom 
the  outputs  of  the  phase  switchers  signals  are  fed  to  the  summator. 

In  monopulse  systems  with  phase  direction  finding,  two  radiation 
.patterns  are  formed  by  the  coherent  summation  of  signals  (at  high 
cr  intermediate  frequency  with  the  conservation  of  phases)  separately 
from  each  half  of  the  array.  9 

§  2.7.  ANTENNA  FEEDS  OP  MONOPULSE  RADARS 

In  mor.opulse  radars  with  phase  direction  finding  each  of  the 
four  feeds  usually  has  its  own  reflector  (Fig.  2.24).  In  monopulse 
radar  with  amplitude  direction  finding  in  which  an  antenna  is  used 
which  consists  of  four  horns  irradiating  the  reflector  (primary 
radiator)  or  a  lens,  greatest  propagation  is  obtained  by  the  irradiator 
arrangement  shown  in  Pig.  2.25.  With  this  arrangement,  for  both 
types  of  direction  finding  in  systems  with  four  bridges,  angular 
information  is  extracted  by  a  comparison  of  paired  sums  of  signals; 
when  comparing  the  sum  of  signals  (1+2)  with  the  sum  (3  +  4), 
elevation  is  measured,  and  with  a  comparison  of  sum  (1  +  3)  with  sum 
(2  •)  4)  azimuth  is  measured.  The  horns  are  excited  according  to  the 
diagram  shown  in  Fig.  2.26.  At  each  joint,  indicated  on  the  diagram 
by  a  point,  a  waveguide  bridge  is  used.  The  sum  signal  (E)  is  formed 
by  addition  in  bridge  III  of  signals  1  and  3>  2  and  4,  preliminarily  • 
summed  in  pairs  on  the  first  two  waveguide  bridges.  The  difference 
signal  (A),  with  respect  to  azimuth  is  obtained  by  subtracting  in 
bridge  III  from  the  sum  of  signals  1+3  the  sum  of  signals  2+4. 

The  difference  signal  with  respect  to  elevation  is  formed  by 
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summation-  in  bridge  IV  of  the  difference  of  signals  1-3  and  2-4, 
obtained  on  the  first  two  bridges.  This  gives  the  required  result 
because  the  system  is,  linear  and  the  associative  law  is  applicable 
to  it  (1  -  3)  +'  (2  -  4)  =  (1  +  2)  -  (3  +  4). 


Pig. ,2.24.  Arrangement  of  feeds 
in  the  antenna  system  of  a  mono- 
pulse  radar  with  phase  direction 
finding. 


irradiator. 


yi/ry  ftecma 

Pig.  2.26.  Excitation  diagram  of 
a  four-horn  irradiator. 

KEY:  (1)  Azimuth  error;  (2)  Sum 

signal;  (3)  Elevation  error. 


In  order  to  form  the  sum  radiation  pattern,  the  shaping  circuit 
of  the  irradiating  system  excites  in  phase  all  four-horns  (Pig. 

2.27).  In  order  to  obtain  the  most  optimal  radia.tion,  horn  dimensions 
are  selected  so  that  in  the  formation  of  the  sum  beam  the  antenna 
has  maximum  amplification  with  uniform  irradiation  of  the  mirror. 
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,  Figure  2.28  illustrates  the  bpt.imal  method  of  irradiation, 
eliminating  energy  loss  past  the  reflector  [95]  •  It  is  only. necessary, 
to  approximately  double  the  appropriate  dimensions  of  the  irradiators 

used  for  forming  the  difference  patterns .  Irradiation  limits  in 

: 

essence  are  established  by  the  surface  of  the  reflector  and,  as  a  1  , 

result,  optimal  characteristics  in  both  difference  patterns  can 
be  obtained.  In  order  to  get  the  optimal  sum  pattern,  irradiator  . 
dimensions  must  be  original*,  thus,  the  dimensions  'and  their  written 

* 

expression  must  be  different  for  all  three  patterns  (Fig.  i2.28),  and 
in  order  to  obtain  optimal  characteristics  for  all  three  patterns', 
special  devices  for  controlling  channels  must  be  developed. 

‘  ,  i 

I 

Below  we  examine  four-horn  and  twelve-horn  irradiatbrs,  which 
ensure  the  independent  optimization  of  both  sum  and  difference 
channels  of  a  monopulse  radar  with  respect  to  the  amplification  of 
the  antenna  system  and  the  reduction  of  the  side  _lobe:  level.  i 
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Fig.  2.28.  Optimal  irradiation  in  the  antenna  of  a  monopulse  radar'. 
KEY:  (1)  Excitation  of  irradiator;  (2)  Irradiation  of  reflector; 

(3)  Characteristic  of  antenna  radiation;  (*l)  Good.  1 

l 

2.7.1.  A  four-horn  irradiator  operating  on  several' types  of 
waves.  Four  horns  located  in  a  row  (Fig.  2.29)  are  used  in  thi's  , 


I 


) 


,  irradiator  [95].  At  the  open  erid  of  the  horns  are  correcting  lenses 
;  since  in  ohder  ,to  operate  the  antenna  it  is  frequently  necessary  that 
the  dimensions  of  the  aperture  b,e  equal  to  several  wavelengths.  In 
the  power  circuit  eight  double  waveguide  T-joints  are  used.  Pour, 

, located  behind,  lexcite  the  inputs  of  the  four-horns;  the  character 
of  excitation  is  determined  by  the  channel  to  which  the  Signal  is 
fed.  Each  of  the  remaining  four  T-joints  is  connected  with  one  of 
the  four-horns  and  provides  even  or  uneven  excitation  in  the  corres¬ 
ponding  horn. 

r  .  ' 

Horns,  in  their  narrow  part,  have  an  oscillator  of  normal  types 

j 

<pf  wave.  In  the  excitation  of  an  even  type  of  wave,  field  distribu¬ 
tion  |n  the  aperture  'of  the  irradiator  3  s  represented  by  the  sum 
of  the  first  and  third  types  of  waves;  uneven  excitation  is  generated 
by  the  second  type  of  wave.  Horns  2  and  3,  in  excitation  on  the 
uneven  types  of  wave, 'are  used  to  obtain  the  difference  pattern  in 
the  elevation  plane,  and  in  excitation  on  the  even  type,  to  obtain 

the  s,um  pattern.  When  all  four  horns  are  excited  on  an  even  type 
s  ‘  .  1  ! 

of  wave,  a  difference  pattern  in  the  azimuth  plane  is  formed;  we 
take  the  difference  between  the  sum  .of  signals  of  horns  1  and  2 
:  and  the  sum  of (signals  of  horns  3  and  4. 

1  i 

i 

,  J  . 

Figure  2.30‘shdws  the  corresponding  field  distribution  along 
the  aperture  of  an  irradiator  in  the  case  of  forming  the  sum  and 
difference  patterns  fqr  azimuth  and  elevation. 


i  The  dashe^  show  the  equivalent  regions  of  the  jrradlator  which 
i  are  excited  in  the  three  cited  modes  of  operation.  We  see  from  the 

figure  the  relationship1  between  these  and  the  regions  required  for 
,  ,  optimal  irradiation  inf  accordance  with  Fig.  2.28. 

,  2.7.2.  A  twelve-horn  irradiator.  The  external  view  of  a  twelve- 

horn  irradiatoi’  is  presented  in  Figure  2.31.  In  order  to  decrease 
side  lobes,' each  pyramidal « horn  consists  of  four  sectioned  horns.’ 

Thus,  in  this  irradiating  system  there  are  *18  sectioned  horns  in  all 
,  [1193.  1 

i 
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Pig.  2.29.  A  four-horn  irradiator  operating  on  several  types  of 

KEY:  (1)  Azimuth  difference;  (2)  Sum;  (3)  Elevation  difference;  (*0 

Input  of  uneven  wave;  (5)  Excitation  of  highest  even  wave. 


(5) 

Pa3wtmHi/d 
CUZHU/l 
no  aounymy 


*• 


(2) 

* t-n/tooKOcm 


H-n/tocwcm 


Pig.  2.30.  Excitation  of  a  four-horn  irradiator  operating  on  the 

highest  types  of  waves.  ,  „  . 

KEY:  (1)  Sum  signal;  (2)  Plane;  (3)  Difference  signal  for  azimuth; 

(l»)  Difference  signal  for  elevation. 
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Pig.  2.31.  External  view  of  a 
twelye-horn  irradiator. 


The  basic  diagram  of  sue.  an  irradiator  is  presented  in  Fig.. 

2.32.  Information  which  cannot  be  used  for  forming  radiation  patterns 
at  the  outputs  of  the  waveguide  bridge  arms ,  is  fed  to  the  matched 
load.  The  sum  pattern  is  formed  by  exciting  the  four  central  horns  1 
in  the  same  manner  as  in  the  four-horn  system.  Two  other  groups 
of  four  irradiators  each  are  used  for  forming  difference  patterns  in 
the  amplitude  and  elevation  planes. 

Since  the  difference  patterns,  in  this  case,  are  formed  by  a 
system  of  irradiators  with  a  larger  aperture  than  in  the  system  with 
four  irradiators,  losses  to  energy  overflow  are  reduced.  Therefore, 
the  intensity  of  irradiation  on  the  edges  of  the  reflector  is 
approximately  the  same  in  the  case  of  sum  or  difference  signals. 

2.7.3*  A  one-horn  irradiator.  An  overall  view  of  a  one-horn 
irradiator  is  shown  in  Fig.  2.33  [109].  To  study  the  operating 
principle  of  this  irradiator  let  us  assume  that  it  is  used  for  the 
reception  of  linearly  polarized  waves  with  polarization  directed  in 
parallel  to  the  narrow  side  of  the  neck  of  the  irradiator. 

V/hen  a  signal  arrives  from  p  point  loca*ed  in  plane  H  (elevation 
plane),  in  the  neck  there  are  excited  waves  TE10  and  TE2Q  whose 
relative  amplitude  and  phase  values  charapterlze  the  angle  of  approach. 
These  waves  excite  a  wave  of  type  TE10  in'  the  two  side  arms;  the 
components  of  the  wave  in  these  arms  are  equal  in  amplitude  but 
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shifted  by  180°  in  phase.  The  differerce  in  the  signals  of  the  side 
arms  makes  it  possible  to  determine  the  ang^.e  which  the  wave  has 
with  the  axis  in  plane  H.  If,  however,  a  signal  arrives  from  a  point 
located  on  the  axis  of  the  irradiator,  then  only  one  wave  TE^q  is 
excited  in  the  neck,  while  the  wave  excited  in  the  two  side  arms  will 
be  equal  in  amplitude  and  phase.  Consequently,  the  difference  in 
the  signals  of  the  side  arms  will  be  equal  to  zero. 


Pig.  2.32.  Shaping  circuit  for  sum  and  difference  patterns  in  a 
twelve-horn  irradiator. 

KEY:  (1)  Sum;  (2)  Difference  pattern  for  azimuth;  (3)  Difference 
pattern  for  elevation. 

If  a  signal  arrives  from  a  point  in  plane  E  (azimuth  plane), 
in  the  neck  of  the  irradiator  waves  TE1Q,  TE.^,  TM-^  can  be  excited. 
These  types  of  waves  excite  the  components  of  wave  TE1Q  in  the  upper 
and  lower  arms,  which  are  equal  in  amplitude  and  shifted  by  l80° 
in  phase.  The  difference  of  signals  in  the  upper  and  lower  arms 
determines  the  angle  of  signal  approach  with  respect  to  the  axis 
in  plane  E  of  the  antenna.  When  a  signal  approaches  from  a  point 
located  on  the  axis  of  the  irradiator,  the  difference  in  the  signals 
of  the  upper  and  lower  arms  will  be  equal  to  zero. 
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Fig.  2.33.  Overall  view  of  a  one-horn  irradiator:  a)  top  view; 
b)  front  view;  c)  vertical  ox oss-section  along  the  axis  of  symmetry; 

1  -  left  side  arm;  2  -  right  side  arm;  3  -  upper  arm;  4  -  lower 
arm. 

A  signal  can  approach  from  a  point  located  neither  in  plane  H 
or  in  plane  E.  Then  in  the  neck  of  the  irradiator  waves  TE21, 
and  '1^21  are  excited.  The  amount  of  connection  between  these  waves 
and  the  four  arms  depends  upon  the  signal  approach  angles  with 
respect  to  the  axes  of  planes  H  and  E,  while  the  difference  of 
signals  in  corresponding  pairs  of  arms  determines  the  signal  approach 
angle  in  the  corresponding  plane. 

In  designing  Irradiators  there  is  an  effort  to  make  the  neck 
big  enough  that  waves  of  types  TElfl,  TE2Q,  TE^,  ™12  can 

be  propagated.  The  dimensions  ZQ  must  be  approximately  0.7A.  The 
dimension  l is  not  critical. 

Table  2.1  presents  formulas  for  critical  wavelength  ^  of  a 
different  type,  which  can  be  excited  in  the  neck  of  the  irradiator. 
All  formulas  pretain  to  a  rectangular  type  of  waveguide  (ac  and  b 
are  waveguide  dimensions). 
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T2*t.  TM,,. 
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Y  i +  (««/*.)* 

V 1  +  {a,/‘2b,y 

KEY:  (X)  Type  of  wave. 

§2.8.  SELECTION  OP  MAXIMUM  DISPLACEMENT  ANGLE 
FOR  A  RADIATION  PATTERN  AND  THE  DISTANCE  BETWEEN 
PHASE  CENTERS 

An  important  antenna  parameter  for  a  monopulse  radar  is  the 
maximum  displacement  angle  of  the  radiation  pattern  relative  to 
equisignal  direction  during  amplitude  direction  finding  and  the 
distance  between  phase  centers  of  antennas  during  phase  direction 
finding.  These  parameters  have  a  considerable  effect  on  the  accuracy 
of  direction  finding  and  effective  range.  In  determining  optimal 
value  for  these  quantities,  let  us  examine  the  example  of  a  monopulse 
system  with  a  sum-difference  angular  discriminator. 

Direction  finding  error  is  inversely  proportional  to  the  curvature 
of  the  direction  finding  characteristic  p  and  the  signal-noise  ratio 

q: 

i  • 

(2.29) 


Curvature  y  characterizes  the  direction  finding  sensitivity  and 
is 


In  an  amplitude  sum-difference  monopulse  system,  near  the  equi¬ 
signal  direction  the  sum  radiation  pattern  is  virtually  constant 
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while  the  difference  pattern  is  linear;  therefore. 


USSJL  F'  (8)--c»  (6)  *  _/'>(») 

*  di  Ft  (8)  +  F ,  (t)  \i:=0~~Fc  (0)  *  •  (2.30) 

The  optimal  displacement  ?„  lgle  ensuring  maximum  direction 
findings  sensitivity  could  be  f.sur.d  by  solving  equation 


_i  F'p<°> 
dP  ,'fe(0) 


(2.31) 


However,  from  the  values  of  F  ( '  ) ,  F*  (0),  (P»  (0) )/(F  (0) )  and 

W  P  pc 

P  (O)'P'  (0),  presented  in  fig.  2 . 3 ^ 9  as  a  function  of  the  displace- 

C  p 

ment  angle,  < t  is  apparent  that  ratio  F*  (0)/F  (0)  grows  monotonlcally 

P  C 

and  within  the  main  lobe  of  the  radiation  pattern  does  not  have  a 
maximum,  i.e.,  there  is  no  optimal  displacement  angle-  ensuring 
maximum  direction  finding  sensitivity. 


The  signal/nqise  ratio  a  is  proportional  to  the  sum  pattern 
Fc(0);  therefore,  the  product 


(2.32) 

is  determined  only  by  the  curvature  of  the  difference  radiation 
pattern  times  equisignal  direction.  With  the  substitution  of 

(2.32)  and  expression  (2.29)  we  see  that  direction  finding  accuracy 
and  the  equisignal  direction  depends  on  the  curvature  of  the  difference 
pattern. 

If  as  the  criterion  for  determining  optimal  displacement  angle 
we  choose  the  maximum  curvature  of  the  difference  pattern,  we  can 
obtain  the  minimum  direction  finding  error.  However,  the  requirement 
for  obtaining  maximum  curvature  of  difference  pattern  is  not  an 
advisable  criterion  since,  v/ith  such  a  displacement  angle,  the  radi¬ 
ation  patterns  intersect  at  a  very  low  level  and  the  power  of  the 
signal  received  in  the  sum  channel  is  much  .less  than  in  the  direction 
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of  maximum;  this  leads  to  a  considerable  reduction  in  target  detection 
range . 


Pig.  2.3^.  Dependence  of  relative 
'alues  on  separation  angle:  1) 
F.(0);  2)  F»  (0)/F  (0);  3)  F»  (0); 

1)  Fo(0)P'  (§).  P 

P 


Pig.  2.35.  Relationship  between 
separation  of  irradiators  and 
antenna  aperture  in  a  nionopulse 
radar  with  phase  direction  finding. 


Consequently,  as  the  optimal  displacement  angle,  it  is  advisable 
to  take  the  angle  corresponding  to  maximum  product  of  sum  pattern 
and  curvature  of  difference  pattern,  i.e.,  to  chose  the  displacement 
angle  as  a  compromise  between  a  losr  in  effective  range  and  direction 
finding  accuracy.  Prom  the  curves  presented  in  Fig.  2.3^  it  is 
apparent  that  the  function  Fc(0),P,p(0)  has  a  maximum  at  0Q  =  0.656q  ^ 

With  such  a  displacement  angle  two  radiation  patterns  will  inter¬ 
sect  below  their  maxima  at  a  level  near  3  dB,  i.e.,  on  a  level  of 
half  power.  From  this  it  follows  that  the  optimal  displacement  angj.e 
is  approximately  a  half-width  of  the  radiation  pattern  with  respect 
to  the  level  of  half  power. 

Optimal  distance  between  phase  centers  of  antennas  (Fig.  2.35) 
in  a  phase  sum-difference  raonopulse  system  is  also  found  based  on 
the  condition  of  obtaining  the  maximum  product  of  the  sum  pattern  and 
the  curvature  of  the  difference  pattern,  i.e.,  from  the  solution  to 
equation 
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7i-IM0KV(0)l=0. 

As  seen  from  Fig.  2.35,  the  aperture  of  the  antenna  system  of 
a  monopulse  radar  with  phase  direction  finding  is  determined  by 
equality 

<f$=2(rfa — 0. 


where  da  is  tne  prescribed  overall  dimensions  of  the  antenna  system. 

Since  the  amplitude  of  the  sum  signal  at  receiver  input  is 
determined  by  the  product  of  the  pattern  times  transmission  and 
reception  and  is  proportional  to  the  aperture  of  the  antenna,  we 
can  write 


f*  (0) =* C$  (rf»  t). 


(2.33) 


where  is  the  coefficient  of  proportionality. 

The  difference  pattern  is  determined  by  the  following  expression 

F,(»)=n( (2. 3*0 

With  small  angles  of  deflection,  we  have  a  difference  in  signal 
phases,  received  by  the  two  patterns, 

?(«)  =  2*4-6. 

Then  the  curvature  of  the  difference  pattern  in  equisignal 
direction  is  determined  by  formula 

1  Fp  (0)=4  Fc  (0)  f'  (0) = X  Fc  (0)- 

««  |8=0  * 
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Consequently,  the  product  of  the  sum  pattern  and  the  curvature 
of  the  difference  pattern  will  be 

This  product  is  maximum  when 

i.e. , 

hence  the  optimal  distance  between  phase  centers  is 

,S»T  (2.35) 

Thus,  the  optimal  distance  between  phase  centers  is  equal  to  half 
the  length  of  the  antenna  aperture. 

§  2.9.  WAVEGUIDE  DEVICES  FOR  SUM-DIFFERENCE 
SIGNAL  PROCESSING 

In  sum-difference  monopulse  radai*s  the  sum  and  difference  signals 
can  be  obtained  at  high  frequency  with  sum-difference  bridges: 
annular  (Fig.  2.36)  and  double  waveguide  T-joint  (Fig.  2.37). 

The  annular  sum-difference  bridge  has  four  leadoffs  along  one 
semicircle.  Distances  between  leadoffs  are  X/M .  In  this  diagram, 
the  leadoff  Z  is  sum  and  the  leadoff  A  is  difference.  Actually,  if 
cophased  high-frequency  signals  are  fed  to  leadoffs  1  and  2,  then  to 
leadoff  Z  these  signals  pass  along  the  same  paths  and,  consequently, 
are  added  in  phase  while  to  leaduff  A  they  pass  along  different  paths 
and  are  added  in  opposite  phase.  The  signal  in  t»e  difference 
leadoffs  will  have  the  phase  of  that  signal  whose  amplitude  is  greater. 
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When  the  signal  in  leadoff  1  exceeds  the  signal  in  leadoff  2, 
the  phase  of  the  difference  signal,  determined  by  the  phase  of  the 
signal  from  leadoff  1,  is  shifted  relative  to  leadoff  1  proportionally 
to  3A/4.  The  sum  signal  is  shifted  in  phase  relative  to  leadoff s 
1  and  2  proportionally  to  A/^.  Therefore,  difference  and  sum  signals 
are  in  opposite  phase. 


Pig.  2.36.  Annular  waveguide  bridge. 


Fig.  2.37.  Double  waveguide  T-joint 
KEY:  (1)  Plane  XDY ;  (2)  Plane  XOZ. 
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If  the  signal  in  leadoff  1  is  less-  than  the  signal  in  leadoff  2, 
the  phase  of  the  difference  signal,  determined  by  ,the  phase  of  the 
signal  from  leadoff' 2,  is  shifted  relative  ,to  leadoff  2  proportionally 
to  X/4.  The  sum  signal,  has  the  same  shift  with  respe’ct  to  leadoff  2. 
In  this  case,  tbe  sum  and  difference  signals  are  in  phase. 

i  *  * 

1  .1 

In  the  double  waveguide  T-joint  two  cophased  signals,  proceeding 
to  waveguides  1  and  2,  form  in  leadoff  I  (plane  xoy)  the  sum  signal, 
and  in  leadoff  A  (plane  xoz)  the  difference  signal  [18] .  Actually^ 
if  we  assume  that  the  force  lines  of  the  electrical  field  of  the 
waveguide  in  the  horizontal  plane  are  directed  from  the’ bottom  up, 
the  vectors  of  the  electrical  field  of  signals  1  and  2  proceeding  to 
leadoff  A  have  opposite  direction. 

i  ? 

The  signal  in  the  difference  leadoff  will  have  .the  phase  of 

that  signal  whose  amplitude  is  greater.  In 'the  case  of  the  equality 

of  signals  1  and  2,  the  difference  signal  will  be  equal  to' zero.  , 

*  * 

Besides  these  sum-difference  bridges,  we  can  also  use  other 
types  of  bridges,  for  example,  slot  balance  bridges  [131]. 


CHAPTER  3 


BASIC  FUNCTIONAL  ELEMENTS  OF  ANGULAR  DISCRIMINATORS 


§  3.1.  LOGARITHMIC  AMPLIFIER 


i  A  logarithmic  amplifier  is  a  nonlinear  amplifier  which  has  a 
logarithmic  relationship  between  the  amplitudes  of  output  U  and 
input  U  voltages.  •_  i 
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Fig.  3*1.  Amplitude  characteristic  of  a  logarithmic  amplifier. 

— * — calculated]  -  -  -i experimental. 

f  The  amplitude  characteristic  of  a  logarithmic  amplifier  (Fig. 
3.1)  when  operating  in  linear  mode  (U  <  U  )  is  described  by 
equation 


C^BfcIXr“KO^BX» 


(3.1) 


I 


where  kQ  is  the  maximum  amplification  factor  in  the  linear  segment; 

IJ  u  is  the  input  voltage  oeginning  with  which  the  characteristic 

BX  H 

becomes  logarithmic,. 


When  a  logarithmic*  amplifier  operates  in  the  logarithmic  mode 
(Uou  u  <  U_v  <  IJ  ),  the  expression  for  the  logarithmic  amplitude 

B  X  H  BX  B  X  H 

characteristic  (LAC)  will  have  the  form  [12] 


U  bu4  —  \k*V  u  > 


(3.2) 


'/move  a.n  is  the  coefficient  characterizing  the  slope  of  the  logarithmic 
characteristic; 

U  is  the  final  input  voltage  at  which  the  LAC  of  the 

0  X  K 

amplifier  is  evaluated. 

In  addition>  a  logarithmic  amplifier  can  be  characterized  by 
the  following  basic  qualitative  indices: 

1)  U  „  and  U_<  u  are  the  output  voltages  corresponding  to 

BfcJX  H  BbIX  K 

the  beginning  and  end  of  the  amplifier's  logarithmic  amplitude 
characteristics ; 

2)  dynamic  range  with  respect  to  input  and  output  voltages  is 


'IX- 


V*XJL.  n  _ 


U,x 


i.  n  _ i 

a  * 


■Mt  ■ 


(3.3) 


3)  the  compression  factor  of  the  amplifier  voltage  is 


D»*  . 
DrltX  ’ 


(3.*0 


^)  the  relative  accuracy  of  reproducing  the  logarithmic  amplitude 
characteristic  of  the  amplifier,  which  is  the  deviation  of  the 
experimental  characteristic  from  the  calculated  characteristic  (Fig. 
3.1) 


8a= 


U 


■  MX  3 


-V 


u 


•HiP 


»M*P 


9^ 


(3.5) 


where  U  is  the  output  voltage  throughout  the  dynamic  range  with 

BfclX  3 

experimental  LAC. 

b~  is  the  output  voltage  throughout  the  dynamic  range  with 

obJX  p 

calculated  LAC. 

In  5  1.3  we  have  shown  that  in  a  monopulse  radar  with  an 
amplitude  angular  discriminator  using  logarithmic  amplifiers,  the 
discrimination  of  angular  information  actually  occurs  as  a  result 
of  the  subtraction  of  the  logarithmic  values  of  two  signals,  which 
is  equivalent  to  the  formation  of  a  logarithm  of  the  ratio.  Actually, 
voltage  at  output  of  the  subtracting  device  (Fig.  1.4)  .^  on  the 
assumption  that  the  logarithmic  amplifiers  are  identical,  will  be 


«•  y — t  —  «buh  i  =  kb  yKtuBX  4aM  In 

t*»X  t 


(3.6) 


where  k0  y  is  the  transmission  factor  of  the  subtracting  device. 
In  accordance  with  equalities  (1.4  and  1.5) ,  vie  can  write 


«*».=  £(/)  Ft  (6)  =  E{i)F  (fl#  +  8) . 


(3.7) 


Then  equation  (3-6)  assumes  the  form 

n  n  in *(*•—*> 
Ua  y  =  vfla  *“  p  8)* 


(3.8) 


Equality  (3.8)  describes  the  direction  finding  characteristic. 
From  it  we  see  that  the  direction  finding  charauveristic  in  such  a 
monopulse  system  depends  upon  the  properties  of  the  logarithmic 
amplifier  and  not  upon  the  value  of  the  signal.  Therefore,  any 
deviation  of  the  actual  amplitude  characteristics  of  amplifiers 
from  a  precisely  logarithmic  characteristic  leads  to  a  distortion 
in  the  direction  finding  characteristic  and,  consequently,  to  error 
in  determining  target  direction. 
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With  a  given  permissible  relative  error  of  .6  =  -  in 

urn 

UBXl  M 

determining  ratio  m  «  - - ,  the  values  of  permissible  absolute 

H  Sx2 

and  relative  deviation  .  n  the  actual  amplitude  characteristic 
from  a  precisely  logarithmic  characteristic  at  any  of  its  points 
are  respectively  equal  to  [12] 


|  i  A(/bmx|  —  0,7 K0lf  zxntfj  In  (I  -j-  8h), 


8  _ -y  — 

— I  —  *r» - — 


0»7flji  (1 41  &n) 


(3.9) 


'  '  +  '  j 

Prom  equation  (3-9)  it  is  apparent  that  the  permissible  absolute 
deviation  of  the  experimental  amplitude  characteristic  from  the 
calculated  logarithmic  characteristic  is  higher  the  greater  the 
maximum  amplification  factor  and  input  voltage  and  is  constant 
throughout  the  logarithmic  range  of  the  amplifier,  while  the  permis¬ 
sible  relative  deviation  is  a  variable  quantity  and  reduces  with 
an  increase  in  the  level  of  comparable  voltages.  Consequently, 
logarithmic  amplifiers  used  in  monopulse  radars  must  reproduce 
the  logarithmic  law  of  amplification  at  the  end  of  the  logarithmic 
range  with  greater  accuracy  than  at  its  beginning..  This  accuracy 
increases  with  an  increase  in  the  dynamic  range  of  the  amplifier. 


In  case  of  nonidentity  of  amplitude  characteristics  for  two 
logarithmic  amplifiers  (a  deviation  in  the  experimental  amplitude 
characteristic  of  each  amplifier  from  the  calculated  logarithmic 
characteristic  greater  than  the  permissible  value),  output  voltage 
of  an  amplitude  angular  discriminator  does  not  satisfy  requirements 
imposed 'on  direction  finding  characteristics  of  monopulse  systems. 
Therefore,  it  i"is  necessary  to  achieve,  by  special  measures,  an 
identity  of  amplitude  characteristics  in  both  amplification  channels. 

There  are  several  methods  for  obtaining  amplifiers  with 
logarithmic  amplitude  characteristics.  At  the  present  time  the 
most  widely  used  method  is  the  shunting  of  anode  loads  in  the 
amplifier  by  nonlinear  elements  and  the  method  of  adding  in 
sequence  the  amplifiers’  stages  output  voltages  [12]. 
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3*1.1.  Logarithmic  amplifiers  with  shunting  of  anode  loads 

by  nonlinear  elements.  Figure  3.2  presents  a  diagram  of  an  amplifier 

stage  -With  anode  load  shunted  by  nonlinear  element.  The  input 

resistance  of  a  nonlinear  element  R  =  R  drops  with  an  increase 

bx  Hen 

in  voltage  applied  to  it,  which  causes  a  decrease  in  the  amplification 
factor  of  the  stage.  As  nonlinear  elements  we  usually  use  vacuum  or 
semiconductor  diodes. 

The  requirements  imposed  upon  nonlinear  elements  will  be  examined 
below.  ' 

A  logarithmic  amplitude  characteristic  in  the  range  80-100  dB 
cannot  be  obtained  with  one  stage  since  it  is  impossible  to  reduce 
input  resistance  of  a  nonlinear  element  to  fractions  of  an  ohm. 
Therefore,  in  order  to  obtain  a  logarithmic  characteristic  in  a  wide 
dynamic  range,  we  use  the  successive  operation  of  n  nonlinear  stages 
on  the  logarithmic  sections  of  their  amplitude  characteristics. 


Fig,  3.2.  Simplified  diagram  of  a  stage  with  a  nonlinear  element. 

Figure  3.3  shows  the  amplitude  characteristics  of  one  nonlinear 
stage  of  a  multistage  amplifier  which  consists  of  three  sections: 
linear  1,  logarithm!  *'  2  and  quasilinear  3  li2,].  If  the  input  voltage 
of  the  amplifier  Usx  <  U0X  H  >  all  stages^  are  operating  as  linear 
with  an  amplification  factor  of  k^.  When  the  voltage  amplitude  at 
amplifier  input  reaches  the  value  UQx  »  U0X  H>  the  last  (n-th) 
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nonlinear  scage  begins  to  work  in  the  logarithmic  mode  and  its  input 
voltage  is 


(3.10) 


Fig.  3.3.  Amplitude  characteristic  of  a  nonlinear  stage. 

With  an  increase  in  the  input  voltage  of  the  last  stage  to 
UQ,  it  works  in  the  logarithmic  mode  and  all  the  others  operate  in 
linear  mode.  With  this  the  voltage  at  output  of  the  nonlinear  stage 
is 

/ 

»  ✓ 

U tut  1 5=5  IB  1 1  ^  • 

(3.11) 


In  the  future  for  the  sake  of  simplicity  we  shall  assume  that 
afl  a  1.  When  the  input  voltage  of  the  last  stage  is  changed  in  a 
range  from  U  to  U  .  voltage  at  input  of  the  logarithmic  amplifier 

H  B 

u  -  u 

H  0 

changes  in  the  range  - t-t—  ,  and  its  amplification  factor  is 

K1 

determined  by  expression 


#0  {«>  —  1 


UoSin)  1  iN 

TrB“+J> 


(3.12) 


where  ^ax(n)  -  Ugx*k^~  --*  UQ)<  2  is  the  voltage  at  input  of  the  n-th 
stage ; 

U_v  is  the  voltage  at  amplifier  input. 

The  logarithmic  amplitude  characteristic  of  the  amplifier,  in 
this  case,  will  be  described  by  expression 

UsuTjt  (It)  =  Uw  (n)  =  KxUm  ^ltt  ^  jp® 

(>»  %r+  •Hl/“*(to^+  *)•  <3.13) 

When  voltage  at  input  of  n-th  stage  becomes  equal  to  u0  the 
stage  begins  to  operate  in  quasilinear  mode  on  the  third  section 
of  the  amplitude  characteristic.  In  order  to  accomplish  the 
successive  operation  of  stages  in  logarithmic  mode,  it  is  necessary 
that  voltage  at  stage  input  (n  -  1)  be  equal  to 

In  order  to  satisfy  this  condition,  the  maximum  amplification 
factor  of  a  nonlinear  stage  must  be 


ua  — *'««*• 


(3.1*0 


The  U  /U  also  determines  the  logarithmic  range  of  a  nonlinear 

B  H  j, 

stage. 

U  -  U 

V/hen  voltage  at  amplifier  input  changes  in  the  range  Hnl~2~"  the 

kl 

(n  -  l)-th  stage  operates  in  logarthmic  mode,  all  stages  preceeding 
it  operate  in  linear  mode,  and  the  last  stage  operates  in  quasilinear 
mode.  The  expression  for  the  amplification  factor  of  the  amplifier 
when  the  (n  -  l)-th  nonlinear  stage  is  operating  in  logarithmic 
mode  will  have  the  form 
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(3.15) 


X,  in- !)  =  <■* 


K\U% 


1  Unx(n-i) 


r»  O 

where  U0x(n  „  i)  =  uBxkl  =  Ubx  2  ls  the  volta8®  at  input  of  the 
(n  -  l)-th  stage; 

k3(n)  is  the  amPlification  factor  of  the  n-th  stage. 


None  of  the  preceedlng  stages  operating  in  linear  modes  has 
any  effect  on  the  shape  of  the  amplitude  characteristic  of  the 
amplifier.  The  last  stage,  operating  in  quasilinear  mode,  does  not 
introduce  distortions  into  the  logarithmic  amplitude  characteristic 
of  the  amplifier  if  its  amplification  factor  k^ n ^  is  constant  and 
equal  to  one  or  is  variable  and  greater  than  one;  however,  then  the 
differential  amplification  factor  must  be  equal  to  one. 


The  amplification  factor  of  a  nonlinear  stage  on  the  boundary 
of  the  transition  from  the  second  section  to  the'  third  is  equal  to 


(3.16) 


And  since  k-^  >  1  and  In  >  0,  then  kg  >  1  and,  consequently,  at 

the  moment  of  transition  from  logarithmic  mode  to  quasilinear,  the 
amplification  factor  of  a  nonlinear  stage  is  k^  =  k2  >  1. 

The  value  of  the  differential  amplification  factor  of  a  nonlinear 
stage  when  it  is  operating  in  quasilinear  mode  is  found  from  the 
condition  of  the  equality  of  the  first  derivatives  and  ordinates  for 
the  point  where  the  second  section  of  the  amplitude  characteristic 
of  a  nonlinear  stage  changes  into  the  third  section: 


dUun  3 1 

dU,xi 


E23 


dU  tux  g 
dUt x  j  ' 


Using  equation  (3.1*0,  we  can  write 


ZUZl  := 

__f/jtfi(/*  (In  Kj  -(•  1)  •f  ti  (Utx  %  —  ^01 

~  dliix  t 


Differentiating  we  obtain 


*i(/»  t 

(/, 


Since  at  the  transition  point  U  =  U  *k,  then  b  =1. 

B  H  1  /I 

Voltage  at  the  output  of  a  nonlinear  stage  operating  in  quasi- 
linear  mode  can  be  written  in  the  form 


U flu* t 5=5 b (^»x j —  ^»)  —  y*  y 


(3.17) 


Then  the  amplification  factor  of  the  nonlinear  stage  for  the 
third  section  of  amplitude  characteristic  is 


..  __  frty  ( K  -l- v»* »  n in  — l  i 


(3.13) 


From  equality  (3-18)  it  is  apparent  that  is  a  variable  quantity 
and  when  there  is  a  considerable  increase  in  input  voltage,  this 
quantity  approaches  unity. 

Substituting  the  obtained  value  of  k^  into  equation  (3.15), 
we  obtain 


„  _ vfl“2  '  f  1«  i  lN  \y 

■  *8 <n~ l)  “  *  (/.X r  7  X 

v/ K|(/g  ln/Cj  |  |  \ 

XVlc/**<»>  ‘  /* 


Consequently,  voltage  at  amplifier  output  will  be 

+^,(ln"^+l). 

and  since  UBX^n  _  d  -  UQX  2>  we  can  write 

Uvyxi  (»-*) 1=5  "h  ~U% 

With  a  subsequent  increase  in  the  input  voltage  of  the  amplifier 
the  (n  -  l)-th  stage  begins  to  operate  in  quasi linear  mode,  the 
(n  -  2)-th  stage  enters  the  logarithmic  mode,  and  the  amplification 
factor  of  the  amplifier  and  the  voltage  at  its  output  are  respectively 
equal  to 


«>  =  *, 


,/t— 3 


(■tc5t+  V* 

^wi«t(n-j)  =  2KlUlln/fj-j-^i*fj  (In*^L+ 


Reasoning  in  a  similar  manner,  we  can  obtain  an  expression  for 
the  amplification  factor  and  voltage  at  input  of  the  logarithmic 
n-stage  amplifier  when  the  first  nonlinear  stage  is  working  in 

logarithmic  mode: 


K*'»=i37r('n^7:+  *)  (Ju~r+  *)• 


(3.19) 
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£/.«.,(.)=(#  - l)  a, V.  In/.', + KjJ.  An  + 1 ) 


(3.20) 


Thus,  based  on  the  above  consideration,  we  can  write  a  general 
expression  for  the  amplification  factor  of  a  n-stage  amplifier 
and  the  voltage  at  its  output  with  the  strict  alternate  operation  of 

nonlinear  stages: 


¥ 

where  (n  -  m)  is  the  number  of  nonlinear  stages  operating  in  linear 
modes ; 

(n  -  m  +  1)  is  the  number  of  the  stage  operating  in  logarithmic 

mode ; 

(m  -.1)  is  the  number  of  nonlinear  stages  operating  in  quasi- 
linear  mode.> 


Then 


(3.22) 


Here,  after  conducting  such  an  analysis,  it  is  easy  to  express 
the  basic  qualitative  indices  of  a  n-stage  logarithmic  amplifier 
for  the  general  case  afl  /  1  in  terms  of  the  indices  of  the  separate 
stages. 


The  beginning  of  the  logarithmic  amplitude  characteristic  of 
the  amplifier  corresponds  to  the  input  voltage  at  which  the  last 
nonlinear  stage  begins  to  operate  in  logarithmic  mode. 


In  this  case,  voltage  at  amplifier  output  will  be 


U»UX * ^ *C* ®l  5=5  * 


(3.24) 


The  end  of  the  logarithmic  amplitude  characteristic  of  the 
amplifier  corresponds  to  the  input  voltage  at  which  the  first  non¬ 
linear  stage  begins  to  operate  in  quasilinear  mode: 


(3.25) 


Then  output  voltage  is 


In  Kx  -}-  kJJji  —  Ujhx  (ft&x  111  /fj  1 ). 


(3.26) 


The  dynamic  range  of  the  amplifier  with  respect  to  input  and 
output  voltages,  respectively,  will  be 


n  _ *-!«» _ h* 

Da  TJ7xn  7*>  "■«  ? 

Dtia>=  111  1  + 1  • 


(3.27) 


(3.28) 


Consequently,  the  compression  factor  of  amplifiable  voltage 
can  be  written  in  the  form 


c*  D*kx  no&  In  Dg  x  i  *J*  1 


(3.29) 


In  a  multistage  logarithmic  amplifier  on  intermediate  frequency 
with  shunting  of  anode  loads  of  the  stages  by  nonlinear  elements, 
we  use  most  frequently  amplifiers  consisting  of  stages  to  whose 
anode  circuits  are  connected  single  or  double-circuit  filters.  The 
equivalent  circuit  of  a  nonlinear  resonance  stage  is  presented  in 
Pig.  3.4  [12].  The  amplification  factor  of  this  stage  is 


»  _  C  •  RtRfUM 


(3.30) 
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where  S^  is  tube  steepness. 


1  -  1  4-  1  Id1  1  J 

^~#^rn?rn5r  +tep 


R  is  tube  output  resistance: 

BbIX 

Ra  is  anode  resistance; 

R  is  equivalent  circuit  resistance; 

n 

R_v  is  input  resistance  of  next  tube. 

B  X 


Voltage  at  output  of  nonlinear  stage  is 


£Jij«= xRt+kt 


*«• 


(3.3D 


When  a  stage  is  operating  in  linear  mode,  the  resistance  of 

the  nonlinear  element  must  be  higher  and  must  not  shunt  anode  load, 

i.e.,  R,„  ,  «  R  .  In  this  case,  k,  =  SR. 

’  He/i  la  ’l/is 


Fig.  3.*J.  Equivalent  circuit  of  a  nonlinear  resonance  stage. 

The  law  of  variations  for  resistance  of  a  nonlinear  element 
RH'eJi  2>  as  a  function  of  the  output  voltage  of  the  stage  when  the 
stage  is  operating  in  logarithmic  mode,  we  find  after  equating  the 
right  sides  of  equations  3.11  and  3.31: 

*it/a  (aa  In  1)  “S//„  (3.32) 

Introducing  the  designation 


U . 
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and  performing  the  transformation,  we  obtain 


RiPM  '  •!.- 


«ps(j 


P*—l 


a» 


•■—P* 


(3.33) 


With  similar  reasoning  and  using  equations  (3.17)‘and  (3. ‘31), 
we  find  the  relationship  between  RHB/)  ^  ,anc*  ou^put  voltage  of 
the  stage  when  it  is  operating  in  quasilinea’r  mode:  i 


Rntxt - rr 


R» 


IaPm 


(px—da  In  «■» — ■'  t+fl*)  —  1 


(3.34) 

( 


When  p^  »  In  k±  RHe;)  3  1/Sfl  and,  consequently,  k3  =  3  1. 


In  practice,  in  the  design  of  amplifiers,  by  the  inpujt  resistance 
!of  the  nonlinear  element  FI  =  RJO„  we  m&an  the  ratio  of  the  amplitude. 

B  a  HB/1 

of  applied  voltage  Um  to  the  current  amplitude  of  the  first  harmonics 


_  um 


(3.35) 


•  I  ! 

The  amplitude  of  the  first  harmonic  of  ,current  flowing  through 
the  nonlinear  element  is  determined  based  on  the  static  volt-ampere  i 
characteristic  of  the  element  (semiconductor  or  vacuum  dio$e) ,.jwhich 

i  '  1 

can  be  given  either  graphically  or  analytically. 


If  the  characteristic  is  given  graphically,  Iml  can  be  delUrmln&Q 
graphically  by  the  method  of  five  or  twelve  ordinates  [253.  At  high 

»  j.  1 

amplitudes  of  voltages  this  method  has  an  accuracy  of  5-8?.  ,  With 
low  amplitudes  the  graphic  method  has  considerable  error;  therefore, 
it  is  advisable  to  determine  current  amplitude  I  ^  analytically. 

These  methods  have  been  described  in  greater  detail,  in  ..reference  [12] 
and  we  shall  not  examine  them  further.  !  ’ 
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Thus,  t.he  nonlinear  element  shunting 'the  anode  load  of  an  amplifier 
stage  in  an  n-stage  logarithmic  amplifier  must  satisfy  the  following 
requirements  [12,  32], 

i 

i  ■ 

'  1.  With  small  input  signal  when  the  stage  is  operating  in  linear 

mode,  the  resistance  of  the  nonlinear  element  must  be  high  and  constant 
so  that  anode  load  will,  not  be  shunted. 

i 

,  2.  When  the  stage  is  operating  in  logarithmic  mode,  the  resistance 
of  the  nonlinear  element 'must  change  in  accordance  with  (3.33).  The 
nonlinear  section  of  the  volt-ampere  characteristic  of  the  nonlinear 
element  must  be  within  the  range  of  > 


u  —  KxUi  AO 

(fl* In  1). 


3.  When  the  nonlinear  stage  is  6'perating  in  quasilinear  mode, 
the  resistance  of  the  nonlinear  element  must  change  according  to 
the  rule  determined  t^y  expression  (3.3*0.  In  order  to  fulfill  this 
requirement,  the  nonlinear  element  must  liave  a  volt-ampere  char¬ 
acteristic  which  has,;  at  the  beginning,  a  sharply  pronounced  non¬ 
linear  section  'with  great  steepness ,  gradually  changing  to  linear. 

1  4.  Static  characteristics  of  nonlinear  elements  shunting  anode 

loads  of  various  stages  in  an  n-stage  amplifier  must  be  identical. 

i 

5.  The  nbnlinear  element  must  have  low  interelectrode  capacitance, 
which  has  a  particularly  large  significance  when  making  a  wlde-band 

i  * 

amplifier. 

1  j 

!  3.1.2.  Logarithmic  amplifiers  with  Summation  of  stage  output 

voltages.)  The  method  of  obtaining  the  logarithmic  amplitude  character¬ 
istic  in  a  i-f  amplifier  by  the  successive  adding  of  voltages  from 
the  outputs  of  amplifier  stages  is  known  in  literature  as  the 
method  of  successive  detection  [12],  , 


107 


! 


I 


.Figure  3.5  illustrates  the  simplified  diagram  of  a  logarithmic 
amplifier  with  successive  detection  of  signals  and  separate- detectors 
in  e^ch  channel.  The  high-frequency  input  voltage  is  amplified  by 
n  amplifier  stages  at  whose  output  the  detectors  are  connected.  The 
detected  signals  are  added  on  common  loads.  In  order  that  the  video- 
pi^Lses  moving  from  the  outputs  of  all  n  detectors  be  added  at  the 
skme  time,  it  is  necessary  to  use  an  artificial  long  line,  each  link 
of  which  delays  the  videopulse  for  a  period  of  time  equal  to  the 
time  of- radiopulse  passage  through  the  ampllfie  stage.  In  order 
to  exclude  reflections,  the  delay  line  must  be  loaded  at  input  arid 
output  to  resistance  equal  to  its  wave  impedance. 


To  examine  the  principle  of  obtaining  a  logarithmic  amplitude 
characteristic  in  such  an  amplifier,  we  assume  that  all  amplifier 
stages  are  identical  and  have  an  amplification  factor  in  the  linear 
mode  k^;  upon  saturation  of  a  stage  its  output  voltage  remalna 
constant  regardless  of  the  amplitude  of  the  input  signal.  We  shall 
also  assume  that  signals  in  the  summator  are  added  linearly  and  the 
transmission  factor  of  the  summator  is  equal  to  one. 


t-d 

•  ?-0 

b-tn 

n-d 
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Pig.  3.5.  Simplified  diagram  of  a  logarithmic  amplifier  with 
successive  signal  detection. 

KEY:  (1)  1-st  stage;  (2)  2-st  stage;  (3)  (n  -  l)-th  stage;  (*J)  n-th 
stage. 
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When  low  voltages  are  fed  to  amplifier  input,  all  stages  operate 
in  linear  mode  and  the  voltage  summator  output  as 


(3,36) 


If  we  designate  the  amplification  factor  in  the  ianear  part  of 

p 

the  entire  logarithmic  amplifier  in  terms  of  kp  =  k^  +  t  ...  + 

+  k^-^  +  k^,  equation  (3.36)  can  be  written  as 


Wtux  ==  U’m  •  Kv\  ;  •* 


(3.37) 


When  voltage  at  amplifier  input  reaches  the  value  U’_  =  U  . 

0  X  B  X  H 

the  last,  the  n-th  stage,  is  saturated  and  the  voltage  at  detector 
output  o.f  the  last  stage  is 

^*us«=  Uxxu'fti  »  . 

while  voltage  at  summator  output  is. 

“F^j  •4'/0:==  .. 

'  .  ..  (3-3 ! 


With  an  increase  in  input  voltage  to  the  value  U"_  „  =  k,lJ  L 

BX  JL  BX  n 

the  next-to-the-last,  the  (n  -  l)-th  stage,  is  saturated  and  the 
voltage  at  summator  output  (when  n  »’  1)  is 

**  Un  ■  "4“  B^p  5=1  ■» 


When  input  voltage  of  the  amplifier  becomes  equal  to 
2 

U11'  =  ktlJ  ,  the  (n  -  2)-th  stage  is  saturated  and  voltage  at 

0  X  1  GX  H 

summator  output  is 
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Un,vux  — 2  k*  UK ,  a  4*  «r24- ...  -f*  )  ■ 

»  2k*  i/w(  *  -j~  U&m  Kp=zU BUa  |  4“  2fC*  U  ni* 


Similarly',  when  the  first  stage  is  saturated,  we  can  write 


u^=um.=k,;~'u„.: 

* 

and,  accordingly,  voltage  at  summator  output  is 

(/^x=  £/du*  t  —  (#  —  1 )  K*  Uvx  n  4*  —  nKi  U**  *  ‘ 


(3.39) 


(3.40) 


Prom  this  analysis  it  is  apparent  that  with  the  alternate 
transition  of  amplifier  stages  into  saturation  mode,  input  voltage 
of  the  amplifier  changes  exponentially  and  output  voltages  linearly. 
Consequently,  between  input  and  output  voltages  there  is  a  logarithmic 
relationship. 

* 

Let  us  write  equality  (3.39)  in  the  form 

lnUl;^(n-l)lnKlflnU1lXM  .. 


and  we  shall  then  find  the  value  of  n: 

•  •  ,  {/(»> 


If  we  substitute  the  obtained  value  of  n  into  expression  (3.40) 
we  obtain 


In*, 


In 


U,x 

U,xn 


-f- k?  £/**■= 


(3.41) 


K 


—ffV  Jr 
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After  comparing  expressions  (3.2)  and  (3.41),.  we  obtain 

I 


<*«= 


¥*T* 


The  dynamic  range  of  an  n-stage  logarithmic  amplifier  with 
summation. of  the  output  voltages  of  the  stages  will  be  equal, 
respectively,  for  input  and  output  voltages  to 
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(3.42) 


(3.43) 


When  k,  >>  1,  while  k  ~  k^,  D„  ^  =  n. 

1  ’  pi*  BUX 

The  compression  factor  for  amplifier  voltage  is 


(3.44) 


With  the  assumption  made  that  the  stages  have  linear  characteris¬ 
tics  up  to  saturation,  the  logarithmic  amplitude  characteristic  of 
the  amplifier  will  deviate  from  a  precisely  logarithmic  characteristic. 
A  precise  LAC  of  an  n-stage  amplifier  with  successive  signal 
detection  can  be  obtained  only  with  fully  defined  amplitude  character¬ 
istics  for  the  stages.' 

It  is  very  difficult  to  find,  analytically,  the  necessary  form 
of  the  amplitude  characteristic  of  a  stage  based  on  the  given 
logarithmic  amplitude  characteristic  of  an  amplifier.  However,  this 
can  easily  be  done  by  the  graphic-analytical  method  if  the  LAC 
of  the  amplifier  Is  given  U  1V  =  f(lJ  )  and  the  number  of  stages  n 
is  known,  as  well  as  the  amplification  factor  of  each  stage  k^ [ 32 ] . 

The  values  for  voltages  at  amplifier  output,  at  which  all  stages 
except  the  last  operate  in  linear  mode,  are  given. 
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The  selected  number  of  amplifier  input  voltage  values  will 
determine  the  number  of  points  on  the  nonlinear  section  of  the  stage's 
amplitude  characteristic. 


Fig.  3.6.  Theoretical  amplitude  characteristics  of  a  stage. 

-  -  -  =  10,  n  =  5;  -  k^  =  5,  n  =  5j  =  5,  n  =  4. 

Then  for  each  voltage  value  at  amplifier  input  the  output 
voltage  for  the  last  n-th  stage  is 


n— 1 


/  (^Mt)  *“*  2,  U*hiX  U 
iwi 


(3.^5) 


where  UQbix  ^  is  the  output  voltage  of  the  i-th  stage  which  is  equal 

to  L’0x'iii- 

Since  all  stages  are  identical,  the  nonlinear  section  calculated 
for  the  last  stage  is  joined  to  the  linear  section  of  the  amplitude 
characteristic  of  the  next-to-last  stage,  at  the  moment  it  changes 
into  nonlinear  mode.  With  an  increase  in  the  values  of  voltage  at 
amplifier  input,  the  section  thus  constructed  of  the  characteristic 
of  the  next-to-last  stage  is  used  for  further  calculation  of  the 
amplitude  characteristic  of  the  last  stage.  We  should  note  that  the 
nonlinear  section  of  the  amplitude  characteristic  of  the  stage  plays 
an  important  role  in  forming  the  amplifier's  LAC. 


J* 
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Figure  3.6  shows  the  stage  characteristics  calculated  by  this 

method  for  a  logarithmic  amplifier  with  successive  signal  detection 

* 

at  various  values  for  n  and  k-^.  From  this  figure  it  is  apparent 
that  the  form  of  the  amplitude  characteristic  for  this  stage  depends 
both  on  the  number  of  stages  in  the  amplifier  and  the  amplification 
factor  of  the  stage. 

§  3.2.  ‘  PHASE  DETECTOR 

An  important  element  in  monopulse  systems  with  phase  and  sum- 
difference  angular  detectors  is  the  phase  detector  with  whv;se  aid 
the  direction  of  target  deviation  from  equisignal  direction  is 
determined. 

Figure  3.7  presents  the  diagram  of  a  vector-measuring  phase 
detector  which  has  =  R2  an<^  =  C2> 

The  amplitude  detector  is  fed  the  sum  of  voltages  u1(t)  and 
u2(t)j  and  to  detector  A2  is  fed  the  difference  of  the  voltages. 

In  the  case  of  sum -difference  monopulse  systems,  u^t)  and  u2(t) 
are,  respectively,  the  standardized  difference  and  sum  voltages, 
while  in  the  case  of  a  phase  system  they  are  voltages  from  the  linear 
i-f  amplifier  output.  Voltages  obtained  as  a  result  of  detection  are 
calculated  by  a  special  connection  of  the  loads  of  the  amplitude 
detectors  A^  and  A2> 

Considering  amplitude  detectors  as  devices  which  distinguish  the 
envelope  or  the  square  of  the  envelope  of  the  random  input  process, 
we  can  obtain  the  mathematical  operations  which  are  accomplished 
by  a  phase  detector. 

Voltages  acting  at  phase  detector  inputs  are  written  in  the 

form 

ui  sin  (<nnp/  -}-  y,),  1 

«*  (0  =  Uism  (wnpf  ?»)•  J. 


(3.H6) 


Figure  3.8  is  the  vector  diagram  of  voltages  which  makes  it 
possible,  to  determine  voltages  which  are  detected  by  amplitude 
detectors  and  These  voltages,  respectively,  are  equal  to 

the  vector  sums 

U^Ui+Vu 

£/_= —  L/j  -f-  £/*. 

(3.47)’ 


Fig.  3*7.  Diagram  of  a  vector  measuring  balance  phase  detector. 


Fig.  3.8.  Vector  diagram  of  voltages  for  phase  detector. 

With  linear  characteristics  of  detectors,  the  output  voltage 
of  the  phase  detector  will  be 
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(3.48) 


where  k,  is  the  detection  factor. 

4>  A 

Prom  the  vector  diagram  (Pig.  3.8),  it  follows  that 

1 1/+  |  U\  2l/,C/tcos  (f,  ?«)• 

|  u.  I  =  Vvf+Ui + 2uv* cos  H80  - (?1  - ?,)]= 

=  /£/;  +t/22  -  2  (7,(7,  cos  (?, -  ?,f. 

Consequently, 

“♦  * =  **  a  [|/^I  +^2 + 2UtUt  cos  (<?, — 9,)— 

—  Vv\'+  —  2C/.C/,  cos  (?,  —  ?,) . 

If  «  U2,  which  is  valid  for  monopulse  systems  with  a  sum- 
difference  angular  discriminator,  then,  expanding  each  term  of  the 
expression  (3-51)  in  a  power  series  and  limiting  ourselves  to  two 
terms  of  the  expansion,  we  obtain  [26] 

A  —  2*4, cos  (9,  —  ft)  —  2k*  flUl  cos  (9,  —  <p,). 

(3.52) 

With  equality  of  signal  amplitudes  U-^  =  U2  =  U  (in  the  case  of  systems 
with  a  phase  angular  discriminator),  voltage  and  phase  detector 
output  will  have  the  form 


(3. *9) 


(3.50) 


(3.51) 
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Figure  3.9  presents  the  dependence  of  output  voltage  on  phase 
shift  for  the  two  examined  cases.  When  <<  U2  (or  when  U2  «  U^), 
a  cosinusoidal  dependence  of  output,  voltage  on  phase  difference  is 
obtained  and  when  =  U2  and  variation  in  -  4>2 )  is  within  0  to 
it,  this  dependence  is  rectilinear. 

With  quadratic  amplitude  detectors  and  A2>  the  output  voltage 
of  the  phase  detector  is  proportional  to  the  average  value  of  the 
difference  of  currents  passing  through  the  diodes: 


a =  X*  *  .{l“t  W + (01*  ”  l"i  (0  -  «« (01*) 
«,(/)«,  (7). 


(3.54) 


Substituting  in  (3-54)  the  values  of  u1(t)  and  u2(t)  from 
(3.46),  we  obtain 


u<t>  n' —  Kt>  a  Ut  Ut  sin  (®Bp? w’-  ? ,)  sin  (toop/  ?*)  =* 

~  ~2~  A COS  (ft  —  ?j). 


(3.55) 


From  expression  (3-54)  it  is  apparent  that  a  phase  detector  • 
with  quadratic  characteristics  for  diodes  and  A2  is  equivalent 
to  a  simple  multiplier  (when  the  highest  harmonics  u>np  are  discarded) 
and  the  dependence  of  output  voltage  on  phase  shift  has  the  form 
of  a  cosinusoid. 


Pig.  3.9.  Characteristics  of  a  phase  detector:  1  -  when  U,  «  U~; 

2  ~  when  Ux  -  Up.  id 

The  disadvantage  of  this  phase  detector  lies  in  the  fact  that  1 
it  limits  the  range  of  approach  angles  to  a  quantity  corresponding 
to  a  phase  interval  of  180° ,  whereas  the  maximum  interval  in  single¬ 
value  direction  finding,  determined  by  the  angle-data  transmitter, 
can  frequently  be  greater  than  this  value. 

Another  type  of  phase  detector  which  makes  it  possible  to  broaden 
the  range  of  approach  angles  is  the  Kirkpatrick  phase  detector  [27,  ^1] 
In  this  detector  the  angular  range  is  broadened  by  decreasing  sensitiv¬ 
ity  in  the  equisignal  direction,  which,  however,  slightly  reducer 
measurement  accuracy  for  angular  coordinates  since  this  sensitivity 
decrease  is  carried  out  at  that  point  in  the  system  where  the  signal 
level  is  greatest. 


Fig.  3.10.  The  Kirkpatrick  phase  detector:  a  -  simplified  detector 
circuit;  b  -  part  of  circuit  illustrating  the  formation  of  voltages 
acting  on  diodes. 
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A  diagram  of  the  Kirkpatrick  phase  detector  is  presented  in 
Fig.  3.10.  Prom  a  comparison  of  diagrams  presented  in  Figs.  3.7  and 
3.10  it  is  apparent  that  the  detecting  part  of  the  Kirkpatrick  phase 
detector  is  precisely  the  same  as  in  the  usual  phase  detector  and 
consists  of  two  diodes  and  differentially  connected  loads.  Both 
detectors  have  an  output  voltage  which  is  formed  by  subtracting  the 
voltages  acting  on  the  diode  of  the  phase  detector.  However,  although 
in  the  usual  phase  detector  the  sum  and  difference  of  input  voltages 
act  on  the  diodes,  in  the  Kirkpatrick  phase  detector  voltages  which  are 
a  superposition  of  the  components  formed  by  each  of  the  input  voltages 
act  on  the  diode. 

Let  us  designate  the  voltages  acting  on  diode  inputs  as  V-^  and 
V2»  Then  voltage  u^Ct)  forms  the  components  V'^  and  V*2  which  act 
only  at  the  points  of  the  circuit  indicated  in  Fig.  3.10b.  Actually, 
current  i^,  induced  by  the  voltage  u-^t),  is  fed  to  two  parallel 
resistors,  one  of  which  is  RQ  while  the  second  is- formed  by  the  delay 
line  loaded  to  wave  impedance  RQ.  Therefore,  current  i^  is  divided 
evenly  between  these  two  resistors.  As  a  result,  the  two  components 
formed  by  voltage  u^(t)  will  be 

V\^ut(i)  h  vWtt.We’*. 

'■[m  =  and! 

Similarly,  but  in  reverse  order,  the  corresponding  components 
of  input  voltage  u2(t)  are  formed.  Consequently,  the  output  voltage 
of  a  Kirkpatrick  phase  detector  in  the  case  of  linear  diodes,  which 
is  a  superposition  of  these  components,  will  be  ’ 

|  «,(0+K,(Oer'h  I  —  K(Qe",h+“.W  I  — 

=  [  V"U]+ Vl + 2UJJ,  cos  (T,  -  -  p,)- 

■  -V Vl  +Ul + 2U.U.  COS  (T,  ->,•+  P.)]  = 

i f- uf+ui 005 ~ 

:  J  (3.56) 
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For  a  system  with  a  sum-difference  angular  discriminator 
(Ujl  <<  U2),  expanding  each  term  of  expression  (3.56)  in  a  power 
series  and  using  the  first  two  terms,  we  obtain 


U*  +  Ul  0055 “  W 

yzjfjfc  <*  -  * + m]  « 

AUl  sin(fj  —  ?,)  sin  ft. . 


(3.57) 


For  a  monopulse  system  with  a  phase  angular  discriminator 
(Ul  =  U2  =  U)  the  output  voltage  of  a  Kirkpatrick  detector  will  be  t 

2 K* AU [ TizM.  ~ 

-  Y  l±c.y  (T.~-y.±M;]=4^t/x 

Xsin-~T,sin-|-. 

(3.58) 

Figure  3.11  presents  the  characteristics  of  the  output  voltage 
of  a  Kirkpatrick  detector.  From  a  comparison  of  expressions  (3.51) 
and  (3.57),  as  well  as  (3.52)  and  (3-58)  and  of  the  presented 
characteristics,  it  is  apparent  that  the  output  voltages  of  an 
ordinary  phase  deteccor  and  a  Kirkpatrick  detector,  when  6Q  =  ti/2, 
differ  only  by  the  ir/2  shift,  and  the  angular  range  of  single-value 
direction  finding  is  limited  by  the  phase  interval  -  ir/2  <<  4)^  —  <J>2  >> 

>  it/2.  However,  when  0O  <  it/2,  the  angular  range  of  the  Kirkpatrick 
phase  detector  is  broadened  to  360°  as  gQ  approaches  zero.  As  an 
example  of  broadening  the  angular  range,  Fig.  3.11  introduces  the 
characteristic  of  output  voltage  for  =  0.1;  along  with  the 
substantial  broadening  of  the  angular  range,  steepness  is  severely 
reduced. 
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Fig.  3.11.  Characteristics  of  the  Kirkpatrick  phase  detector: 
a)  when  <<  U2>  b)  when  U1  =  U2 • 

i 

§  3-3.  SYSTEM  OF  AUTOMATIC  AMPLIFICATION  CONTROL  • 


Most  widely  used  in  monopulse  radar  receivers  is  a  'pulse  AGC 
system  with  feedback,  illustrated  in  Fig.  3.12.  Usually  in  such  a 
system,  delay  voltage  U3afl  is  fed  to  the  AG-  detector,  and  b'ecause  1 
of  this,  amplification  control  begins  when  the  signal  exceeds  .  •  . 
quantity  U3a^.  An  AGC  system  can  be  "amplified"  or  "unamplified" 
depending  upon  the  presence  or  absence -of  an  amplifier  in;  the 
AGC  circuit. 

In  amplified  AGC  systems  amplification  can1  be  accomplished  up 
to  the  AGC  detector  on  alternating  voltage  (Fig.  3.12b)  or  after  , 
the  AGC  detector  on  direct  current  (Fig.  3.12c).  1  , 

1 

In  contemporary  monopulse  radars,  also  frequently  used  are  I 
multiple-loop  AGC  systems  with  loops(  acting  in  parallel  (Fig. '3.13). 

In  these  AGC  systems,  usually  used  as  variable  gain  amplifiers  are( 
the  first  stages  of  the  i-f  amplifier,  whiclp  ensures  ( small  nonlinear 
signal  distortions  in  the  i-f  amplifier.  ;  , 

*  1 

The  main  characteristics  of  the  AGC  system  include  the  amplitude 
characteristic  of  the  AGC  circuit,  the  amplitude.  characteristic 
of  the  variable  gain  amplifier  in  the  absence  and  ,in  the  presence 
of  amplification  control,  and  also  its  variable  gain  characteristic. 


UBU 
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Pig.  3.12.  Block’  diagram  of  pulse  AGC  system:  a)  "unamplified" 

AGC  system;  b)  "amplified" -AGO  system  with  alternate  voltage 
amplification;  6)  "amplified"  AGC  system  with  d-c  amplification. 

KEY:  ,(1)  Variable,  gain  i-f  amplifier;  . (2)  Detector;  (3)  Video 
amplifier;  (4)  Filter;  (5)  AGC  detector;  (6)  Variable  gain  i-f 
.amplifier;  (7)  Detector;  (8)  Video  amplifier;  (9)  Filter;  (10)  AGC 
‘detector;  (11)  AQC  amplifier*;  (12)  Variable  gain  i-f  amplifier;  (13) 
Deteoto’r;  (1*0  Video  amplifier;  (15)  D-C- amplifier ;  (16)  Filter; 

(17)  AGC  detector. 
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Fig.:  3*13.  Block  diagram  of  a  multiple-loop  AGC  system. 

KEY:  (1)  Variable  gain  i-f  amplifier;  (2),  Detector;  (3)  Video 
amplifier;  (*0  AGC-1;  (5)  AGC-2. 


Pig.  3.1^.  Amplitude  characteristic 
of-  an  AGC  circuit. 


•  r  * 
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The  amplitude  characteristic  of  an  AGC  circuit  represents  the 
dependence  of  the  control  voltage  being  fed  to  the  variable  gain 
amplifier  on  the  amplitude  of  the  signal  at  output  of  the  variable 
gain  amplifier  u  __  =  f(U_  ).  The  form  of  this  dependence  in  the 
presence  of  delay  voltage  in  the  AGC  system  is  presented  in  Pig.  3.14. 
Control  voltage  differs  from  zero  when  signal  amplitude  at  amplifier 
output  exceeds  delay  voltage.  With  a  subsequent  increase  in  U  w 
the  working  segment  of  the  amplitude  characteristic,  with  the  proper 
choice  of  AGC  circuit  parameters,  must  be  linear.  The  angle  or 
slope  to  the  axis  of  abscissas  determines  the  amplification  factor 
of  the  feedback  circuit 

tg  '' 


Pig.  3.15*  Amplitude  character¬ 
istics  of  amplifier:  1  -  without 
AGC;  2  -  with  AGC. 


Pig.  3.16.  Control  characteristic 
of  amplifier. 
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The.  amplitude  characteristic  of  the  variable  gain  i-f  amplifier 
which  determines  the  dependence  of  signal  amplitude  at  amplifier 
output  (U_.1V )  on  signal  amplitude  at  input  (IJ  )  with  and  without 

B  bJX  B  X 

an  AGO,  is  presented  in  Pig.  3.15. 

The  control  characteristic  of  the  amplifier  determines  the 
dependence  of  the  amplification  factor  of  the  variable  gain  amplifier 
on  control  voltage: 

Kper—f(U$er)‘ 

The  form  of  this  dependence  is  brought  about  by  the  anode-grid 
characteristics  of  the  controlled  tubes  and  the  number  of  controlled 
stages.  In  view  of  the  fact  that  usually  there  is  a  nonlinear 
dependence  of  tube  steepness  on  bias,  the  control  characteristic  also 
has  a  nonlinear  character,  which  appears,  to  a  greater  extent,  when 
the  number  of  controlled  stages  increases.  However,  in  analyzing 
dynamic  modes  various  approximations  of  the  control  characteristic 
are  used;  linear,  exponential,  polynomial,  hyperbolic  function,  etc. 
The  question  of  a  rational  approximation  of  the  control  characteristic 
must  be  solved  individually  in  each  case  depending  upon  the  study 
methods  used. 

In  analytical  calculations,  it  is  usually  considered  linear 
since  such  an  approach  considerably  simplifies  analysis  without 
leading  to  significant  errors  [26].  A  typical  form  of  control 
characteristic  and  its  linear  approximation  are  shown  in  Pig.  3.16. 

Many  works  have  been  devoted  to  an  analysis  of  AGC  systems;, 
they  are  examined  thoroughly  in  reference  [50].  However,  we  shall 
consider  only  the  main  dynamic  properties  of  an  AGC  system  with  the 
introduction  of  a  number  of  simplifying  assumptions  which,  without 
distorting  the  essence  of  the  phenomena,  enable  us  to  obtain  m  re 
simply  the  necessary  relationships. 

We  shall  assume  that  there  are  no  nonlinear  distortions  in  the 
receiving  device,  and  the  bandwidth  of  the  receiver  is  somewhat 


wider  than'  that  q'f  the  AGC.  -,We  shall' -also  assume  that  in  the  AGC, 
circuit  a  single-section  RC  filter  ana  an  inertialess  detector  „a ye 
used. 


•The  behavior  of  ah  AGC  system  with  a  single-section- filter^ 'cari 
be  described  by  the  following  system  of  equations  .[ 26 ]  :\- 


when 

KmUxt  JBIl  £/»«<£/«**, 

w.  Villi'^  Uatfr 

^ftT  ~  KofyFfi  (p)  - U%t  r)  npu  U P BtRl 


(3.59) 


where  km  ip  the  maximum  amplification  factor  of  the  amplifier  when 

U  =0; 
per  ? 

ko(3p  "  kflkA  is  th®  amplification  factor  of  the  feedback-  circuit, 
equal  to  the  product  of  the  transmission  factors  of  the  AGC  amplifier 
and  detector;  F  (p)  =  1 - t—  is  the  operator,  of  the  single- 

P  A  +  1 

section  AGC  filter; 

Ta  is  the  time  constant  of  the  AGC  circuit. 

With  a  linear  approximation  of  the  control  characteristic 


/Cper  —  fCm  — 


(3.60) 


where  b.  =  tg  <f>.  = 


is  the  angular  coefficient  of  the 


control  characteristic; 


bm  ~  b^ 

reverts  to  zero. 


is  voltage  at  which  the  receiver  amplification  factor 


With  the  introduction  of  approximation  (3.60),  system  of  equation 
(3.59)  assumes  the  form 


(3.61) 


77  _  npH  Uiun<U»ti* 

bu^  —bjUftr)  Uiii  nPH  ^**R* 

-j-  1)  U per  —  KoOp  (^iux  npH  V  sux  ^ 

(np«  =  when) 

We  shall  find  the  reaction  of  this  system  to  a  jump  whose 
amplitude  exceeds  U_v  .  When  U  =  U.  =  const,  system  of  equation 

BXrlrlH  BX  21 

(3.61)  changes  into  a  nonuniform  linear  differential  equation  of  the 
first  order  With  constant  coefficients: 


rA  %-•+ u,m(  i  +  b^ruA) = 4AK„wyA(7„A+ifmt/A. 

(3.62) 


The  solution  to  this  equation  has  the  form 

_ t_ 

UbUA  “  & \  (>a6  A,  (3.63) 

where  is  the  particular  solution  of  the  nonuniform  equation, 
equal  to 


...» 


TF^;  ’ 


(3.64) 


1  lK  is  the  length  of  the  duration  process,  equal  to 


-s 


A 


i+s  ’ 


(3.65) 


kg  is  the  equivalent  amplification  factor  of  the  AGO  system, 
equal  to 


K,=  6A7f°6p(/A. 


(3.66) 
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After  prescribing  the  initial  conditions,  we  shall  find  the 
integration  constant  CA.  Let  us  assume  that  at  the  initial  momen: 
when  t  =  0  voltage  on  the  capacitor  of  the  filter  is  zero.  In  this 
case,  UpB|_  =  0  and  UBfcJX  =  kmUA.  Then  the  solution  to  equation  (3.63) 
is  written  in  the  form 


it  •  ff  b'  to*#*****-  t 
UtUx—uK  1 T 


bA  Ko6py»«*+K«». 

i-j***  - 


(3.67) 


If  we  assume  U  _  *  0,  from  equations  (3.67)  and  (3.61)  we  find 


Ul  KnJJ 


l  +K,  e  *A 


tu%  —  nmwA  J+JK^  . 


(3.68) 


U 


»'—T+tr 


•G 


(3.69) 


< 


Kjffr  — •  Kin 


1  +  e  ’a 
•l  +  #» 


(3-70) 


Calculated  according  to  equations  (3.68)  and  (3.69),  the  curves 
of  input  voltage  and  control  voltage  versus  time  are  presented  in 
Fig.  3.17. 


Output  voltage  when  t  =  0  grows  abruptly  to  the  quantity  k  U., 

It  II  ** 

and  then  drops  exponentially  to  a  stable  value  m' A  .  Control 

1  +  k3 

voltage,  on  the  other  hand,  grows  exponentially  to  a  stable  value 


n  n  w  A 

- °°P-  •  .  The  time  of  the  transition  process,  in  both  cases,  is 

1  +  k3 

identical  and  depends  not  only  on  the  time  constant  of  the  AGC  circuit 
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and  the  parameters  of  the  AGC  system  (bA  and  ko(5p),  but  also  on  the 
amplitude  of  the  jump  UA.  As  follows  from  equalities  (3.65)  and  (3*66), 
with  an  increase  in  UA  the  time  of  the  transition  process  decreases 
a  and  the  fixing  process  proceeds  more  rapidly. 

In  conclusion,  we  shall  study  the  works  of  an  AGC  system  for  an 
amplitude  sum-difference  monopulse  radar,  which  makes  it  possible  to 
ensure  the  independence  of  the  error  signal  from  the  amplitudes  of 
received  signals,  owing  to  the  standardization  of  sum  and  difference- 
signal  amplitudes  relative  to  the  amplitude  of  the  sum  signal.  A 
block  diagram  of  one  of  the  possible  AGC  circuits  is  presented  in 
Pig.  3.18  [129].  , 

The  difference  and  sum  signals  are  fed  to  the  i-f  amplifier 
from  the  converter.  'Each  channel  has  its  own  AGC  circuit.  Automatic 
amplification  control  in  each  i-f  amplifier  is  accomplished  by 
feeding  to  its  output  short  reference  pulses  of  intermediate  frequency, 
produced  by  a  pulse  oscillator  whose  amplitude  varies  in  proportion 
to  the  necessary  amplification.  These  pulses  are  fed  with  a  time 
lead  relative  to  the  main-  pulse  of  the  radar  transmitter. 


Pig.  3*17.  Transition  character¬ 
istics  of  an  AGC  system  when  the 
input  signal  acts  intermittently. 
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The  blocking  oscillator  generates  signals  which  trigger  the  pulse 
ospillator.  At  the  same  time  these  signals  are  fed  through  the  delay 
line  to  the  modulator  of  the  transmitter,  which  ensures  the  delay 
of  the  main  pulse  with  respect  to  the  reference  pulses.  Pulses  from 
pulse  oscillator  output  are  fed  to  the  two-stage  i-f  amplifier  with 
variable. amplification  and  then  through  the  attenuator  to  the  i-f 
amplifier  of  the  sum  and  difference  channels. 
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Pig.  3-18.  Block  diagram  of  an  AGO  system  and  an  amplitude  sum- 
difference  monopulse  radar. 

KEY:  (1)  Phase  detector;  (2)  To  amplitude  detector;  (3)  Sum  signal^ 
(4)  Reference  pulses;  (5)  I-f  amplifier;  (6)  Detector;  (7)  Video 
amplifier;  (8)  Two-stage  i-f  amplifier;  (9)  Voltage  proportional  to 
sum  signal;  (10)  Detector  of  AGO  system;  (11)  Pulse  oscillator;  (12) 
Trigger  pulse;  (13)  Detector  of  AGO  system;  (14)  Blocking  oscillator; 
(15)  To  modulator  transmitter;  (16)  I-f  amplifier;  (17)  Detector; 

(18)  Video  amplifier;  (19)  Difference  signal;  (20)  To  phase  detector. 


Then  the  reference  signals  are  detected  by  the  detector  and  in  the 
form  of  negative  d-c  voltage  are  removed  from  the  filter  to  the 
grids  of  the  tubes  by  the  video  amplifier.  Prom  video  amplifier 
output  voltage  of  negative  polarity  is  fed  to  the  grids  of  the  tubes 
of  the  AGO  system  detectors.  To  these  detectors,  triggering  pulses 
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from  the  blocking  oscillator  are  also  fed.  To  the  cathodes  of  the 
tubes  of  the  detectors,  positive  bias  is  fed  and,  therefore,  only 
signals  exceeding  bias  voltage  are  detected.  The  value  of  bias 
voltage  (delay  voltage)  is  , controlled  by  cathode  followers  connected 
with  detector  tubes  so  that  in  the-  absence  of  echo  signals  the 
detectors  maintain  a  constant  noise  level  at  the  output  of  the  i-f 
amplifier  of  the  channels,  i.e.,  act  as  noise  limiters.  When  the 
•automatic  range  tracking  system  picks  up  a  target,  to  the  two-stage 
i-f  amplifier  is  fed  positive  voltage  proportional  to  the  sum  signal, 
which  causes  amplification  of  the  reference  pulses.  As  a  result, 
the  AGC  circuit  accomplishes  standardization  of  the  sura  and  difference 
signals  with  respect  to  the  amplitude  of  the  sum  signal  and  ensures 
an  equality  of  the  amplitudes  of  the  referenced  pulses  fed  to  the 
i-f  amplifier  of  the  sum  and  difference  channels,  and,  therefore, 
the  amplification  of  the  echos  in  these  channels  will  be  the  same 
both  when  noise  and  echo  are  equal  and  when  echo  exceeds  noise. 
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CHAPTER  4 


RESOLUTION  AND  DI RECTI ON  FINDING  SENSITIVITY  OF 
MONOPULSE  RADARS  WITH  RESPECT  TO  ANGULAR 
COORDINATES 

§4.1.  THE  CONCEPT  OP  ANGULAR  COORDINATE  RESOLUTION 

By  resolving  power  we  mean  the  ability  of  a  radar  to  distinguish 
separate  targets  in  a  group  of  targets  with  sufficient  reliability. 
Quantitatively,  angular  coordinate  resolution  is  evaluated  by  the 

minimum  angle  between  directions  to  target  at  which  it  is  still  possible 
to  measure  separately  the  angular  coordinates  of  targets  which  can 
not  be  resolved  with  respect  to  range  and  speed  with  the  necessary 
accuracy. 

It  can  be  necessary  to  resolve  many  targets;  however,  we  shall 
examine  the  resolution  of  only  two  targets  as  the  simplest  and  inost 
frequently  encountered  case. 

As  is  apparent  from  the  definition  of  resolution,  the  resolution 
process  is  indivisible  from  the  detection  process;  therefore,  in  the 
simplest  case,  resolution  is  the  detection  of  two  signals  corresponding 
to  two  targets.  Hence,  in  the  process  of  direction  finding  with  a 
target  pair,  at  receiver  output  there  will  be  at  least  two  signals, 
their  resolution  will  depend  upon  the  relative  energy  of  the  signals 
and  the  degree  of  their  overlap  with  respect  to  the  parameter  being 
resolved,  in  this  case,  the  angle.  Obviously,  the  less  overlap  the 
greater  the  likelihood  of  tracking  each  target  separately  and  the 
better  the  resolution  of  the  radar. 


Because  of  this,  resolution  can  be  judged  based  on  the  correlation 
function  of  the  input  signals  carrying  the  corresponding  information 
on  the  parameter  involved.  Obviously,  resolution  will  be  better 
the  narrower  the  correlation  function  with  respect  to  this  parameter. 


Pig.  4.1.  Envelope  of  high-frequency  signal  received. 

An  analysis  of  angular  coordinate  resolution,  is  easily  performed 
with  respect  to  the  mode  of  space  surveillance.  We  shall  assume 
that  the  antenna  of  the  radar  system  successively  irradiates  two 
point  targets  located  at  the  same  distance  from  the  radar  and  spaced 
at  an  angle  of  A0.  Then,  with  respect  to  the  case  of  interest,  the 
autocorrelation  function  of  the  input  signal  in  complex  form  can 
be  written  as 


<?(40)  =  Rej"| £,((,9)£*.p  +  46)rf(>j,  '  ^ 

• 

where  EQ(t,  0)  is  the  input  signal  of  the  first  target; 

Eq ( t ,  0  +  A0)  is  the  input  signal  of  the  second  target; 

0,  0  +  A0  are  the  angular  coordinates  of  the  target; 

T  is  the  period  of  observation. 

The  input  signals  in  this  case  are  high-frequency  signals  with 
an  envelope  repeating  the  form  of  the  radiation  pattern  (Fig.  4.1). 
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Obviously,  with  a  single  amplitude  for  signal  sources 

£t(t,  0)'=F  (fi)exp(iW), 

*  * 

£%  (t  ,0 + AO) = F  (0 + A0)  exp  (-  i**), 


where  F(0),  P(0  +  A0)  are  the  amplitude  radiation  patterns  spaced 
at  angle  A0. 


Pig.  4.2.  Form  of  functions  approximating  radiation  pattern, 
a)  radiation  pattern  without  angular  displacements;  b)  radiation 
pattern  with  angular  displacement  by  A0;  c)  autocorrelation  function 
of  signal  envelope. 


An  exponential  factor  characterizes  the  high-frequency  signal 
filling.  Substituting  these  values  in  (4.1)  we  obtain 


V  (A0 )  =  Re  |j  F  (0)  exp  (ietf)  F  (0  + A0)  exp  (-  wt)  dO 


=  |F(0)F(O+A0)d0. 


( 4  sr4 ) 
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When  the  form  is  bell-shaped,  the  radiation  pattern  (Pig.  4.2) 
is  described  by  function 

(,.5) 

Then 

F(«+M)=«pl— £(«+«)•,  ■ 

(4.6) 

where  yQ  is  the  coefficient  characterizing  the  width  of  the  radiation 
pattern. 


Substituting  (4.5)  and  (4.6)  into  (4.4)  and  taking  integra¬ 
tion  limits  from  -  ®  to  »,  in  accordance  with  the  selected  approxima¬ 
tion  of  radiation  pattern,  we  obtain 


V  (AQ)  =  jexp(~yJe»)A,xpl—  yj  (8-J-A0)5] 

— oo . 

=  exP(— *To  AQi)  f exp(—  2Yo  8*—  2y’  A88) d8. 

(4.7) 


The  unknown  integral  is  a  tabular  integral  in  the  form 

‘  J  exp  (-  p'x*  -  qx)  dx = exp  • 

—00  • 


Substituting  its  value  into  (4.7),  we  obtain 

f  ir£  A8*\  V* 
T(A8)=exp^ - VjFlVr' 


(4.8) 


We  can  show  that 


! 


1  1  ' 

where  Eqc  is  the  energy  of  the  high-r frequency  signal  of  the  given  form 
(Fig.  4.1)..,  ,  !  s  .  , 


Actually,  if  we  take  the  time  function  Eg(t)  with  a  ’single 
amplitude  and  a  ;beii-shaped  envelope*  then  . 

*  i 

£oc=  J  (0  (it  =  J  exp (—  2f0  tl) COS* atdt  = 

*^30  — po  \  } 


(4.9) 


Hence  it  follows  that 


*(A6)=2£ocexp 


(4'.  10) 


The  form  of  ^(AG)  is  shown  in  Fig.  4.2c. 


Let  us  determine  the  width  of  the  autocorrelation  function, 

!  5 

conditionally,  at  level  0.5  relative  to  maximum  value.  Substituting, 
for  this  purpose,  the  value  of  V ( A6 )  =»'  into  equation  AG  and  solving 
it  with  respect  to  AG,  we  obtain  “ 

i  i 


Al-ta-lsE. 

4/  •  • 

19 


(4.11) 


Hence  the  width  of  the  autocorrelation  function  .at  level  0.5 


is 


*9-2  |  49..,  | 


(.4,12) 


Let  us  express  coefficient  Yq  through  the  width  of  the  radiation 
pattern  with  respect  to  level  0.5  in  accordance  with  the  approxima- 

,  i 

tion  made  (4.5) .  ■  !  .  '  ( 

Obviously,  when  |F(6)|  =  0.5  G  «*  GQ  ,-/2.  Taking  this  into 
account  and  solving  equation  (4.5)  with  respect  to  Yq>  we  .find  . 

'  I 
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i 


i 


I 


(4.13) 


i 

Hence 


Yo: 


1,66/00,5* 


2i34  *  _ 

1,66  — 


(4.14) 


*  i A  direct  relationship  has  been  obtained  between  the  width  of 
the  autocorrelation  function  of  signals  received  and  the  width  of 
the  radiation  pa.ttern.  Since  the  width  of  the  radiation  pattern 
determines  angular  resolution,  the  width  of  the  autocorrelation 
function  also  characterizes  angular  resolution  and  can  be  used  in  the 
approximate  evaluation  of  a  radar's  resolution. 


Expression  (4‘.  14)'  confirms  the  obvious  conclusion  that  in  order 
ito  improve  angular  resolution  we  must  attempt  to  narrow  the  radiation 
pattern.  Hence  the  dependence  of  signal  strength  on  approach  angle 

I 

is  the  same  during  the  operation  of  a  radar  on  both  scanning  and 
tracking  modps*,  the  conclusions  obtained  are  valid  also  for  an 
automatic  tracking  radar. 

i  i  !  1 


We.  should  note  that  resolution  is  characterized  by  the  defined 
value  only  when  signal  energy  substantially  exceeds  receiver  noise 
energy.  When  this  condition  is  not 1  fulfilled,  the  value  of  the 
angle  of  resolution  depends  upon  the  signal/noise  ratio  and  is 

I 

characterised  by  the  probability  of  both  correct  detection  and  false 
alarms.  1  .  ! 

i 

>  i 

.  .  i 

However',  in  practice,  for  the  value  of  potential  resolution 
we  use  the  width  of  the  autocorrelation  function  of  the  signals 
of  the  target  being  resolved,  read  at  a  level  of  0.5  from  maximum. 

The1  probability  approach  to  evaluating  resolution  is  lost;  however, 

i 

this  method  is  convenient  because  it  is  simple  and  easy  to  visualize. 


The  actual  Resolution  of  the  ;radar  can  be  considerably  worse 

than  its  potential  value  because  of  energy  loss  and  signal  shape 

'distortion  in  various  units  <pf  the  station.  Therefore,  the  actual 

»  ‘ 

■'  !  X  135. 

\ 

!  i 


} 


value  of  angular  resolution  can  be  represented  in  the  form 


£9  —  99not  -j-  —  Y|&9nott 


(4.15) 


where'  60noT  is  the  value  of  potential  angular  resolution; 

66jL  is  the  additional  impairment  of  angular  resolution  in  the 
i-th  element  of  the  station; 

is  the  resolution  impairment  factor,  equal  to  I •f  r.1  — « 

,  Let  us  evaluate  the  resolution  of  monopulse  radars  and  compare 
it  to  the  resolution  of  single-channel  radars  with  conical  beam 
scanning. 

§  4.2.  ANGULAR  RESOLUTION  OF  MONORULSE  RADARS 

4.2.1.  An  amplitude  sum-difference  monopulse  system  of  direction 
finding  in  one  plane.  In  this  case,  signals  reflected  from  two  point"'' 
targets  (Fig.  4.3)  for  the  first  and  second  receiving  channels  can 
be  represented  In  complex  form  as 

£,(/,()) — EniF  (0,  —  0J  exp  lV -f- En,tF  (6,  — 

—  8,)  exp  i  («/  -4-  a).  (4.16) 


.  .  E*(t,  V = EmF (9,  +  6.) exp i wt -}- EmiF (fi.  + 

v  +  0*)  exp  +  (4.17) 

where  F(0Q  -  0)  and  F( 0 Q  +  0)  are  the  characteristics  of  antenna 
directivity  for  the  corresponding  receiving  channels; 

0q  is  the  value  of  the  maximum  deviation  angle  of  the  radiation 
pattern  from  equisignal  direction; 

6 2  are  the  angular  positions  of  the  first  and  second  signal 
source  relative  to  equisignal  direction  (Fig.  4.3); 

Eml  2  is  the  amPlitude  of  the  reflected  signals  from  the  first 
and  second  targets; 

a  is  the  phase  shift  caused  by  the  difference  in  distances  to 
targets. 


Pig.  4.3.  Angles  during  direction  finding  of  two  point  targets. 
KEY:  (1)  Target;  (2)  ESD. 

1 

With  sum-difference  signal  processing,  at  the  input  of  the  sum 
and  difference  channel  we  obtain 

'  f 

&('•«>=  <*-+M«pM+ 

+  yfV  («.  -  8.)  +  F <«.+  8.)j  exp  i  (•/ + a), 

(4.18) 


E p  ((,8) = [f  (6.  -  8.)  —f  (8. + 8 J|  exp  M  + 

+  M-  [F  (9,  -9.)  -  F  (0.  +  «Jd  exp  i  («( ;+  a). 

(4.19) 

At  the  output  of  receiving  channels  with  identical  characteristics, 
we  get  the  following  with  accuracy  up  to  the  constant  coefficient.; 

M*c  ^  =  yf  iF  (°#  ~  6‘) + f  (eo  *f  0,))  exp  i>npf  4.  • 

+  jf  lF  (•.  -W+r  (00  +  W1  exp  i  Kp^-f  a);  '  (J4>20) 


«p  (/,0) = l  F  (0O  -  Oi)  -  F  (0e  4-  0,)]  exp  i  + 
+.  Yt  \F  (8.  -  0»)  ^  F  (00  +  0.)]  exp  i  (0 »npf  -f  a). 
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At  the  output  of-  §  ph^se  .detector  of  the  multiplying  type,  taking 
..into  account -the  amplitude  standardization-  of  the  .signal  with  the 
aid  of  a  fast-acting  AGC "system  and  the. averaging  of  the  signal, 

.e'rrjar  .signal  can  be  determined  by  expression  ' 

■  S  (6)  —  ^eae  (hfl)o*p(/»6)  ^ 

;  '  M48)  «%(<.«)  *  -  (4.22) 

.Substituting  (4.20.)  and  (4.21).  into  (4.22),  after  transformation 
we  obtain  .  .  ‘ 

•  rrov  - 

...  ■  ..4l  ^+2^.^.:+^*  !•  (4.23) 

where 

7  , 

V  irl\=,P(Oo--0J)-P(9.+6i). 

^==F(Oo--O1)F(06~e1)cosa, 

Wt==F  (0O  0,)  F  (0O  -f-  6,)  cos  a, 

U7t===lF(0#_0I)  +  F(0o  +  01)]*, 

b?.= [*&-  M-KW.+W  im~  W4* 

+^(O<,+0*)]cosa. 

U7,  =  [F  (0O  —  0,)  4-  /=■  (0.  -f- 

In  actual  conditions,  phase  shift  a  changes  rather  rapidly  with 
time  evbn  when  the  mutual  displacement  of  target  is  small  and  the 
AGC  system  has  a  certain  time  delay  with  respect  to  these  changes. 

Due  to  this,  the  low-frequency  filter  at  phase  detector  output  and 
in  the  AGC  circuit  filters  all  signal  components  formed  by  the  terms 
of  expression  (4.23)  containing  cos  a.  This  enables  us  to  represent 
the  direction  finding  characteristic,  when  there  are  two.  targets  in 
the  beam,  in  simplified  form: 


o  /flv  __  [F*  (9,  -  0,)~  F » (8,  -  6,)]  4-  o»  (f*  (8«-  _ 

—  [f  (8, -  8,) +  F  (0,  +  8,)i*  +  a*  (F  (8»  -  "  * 

-M-f*  (»>+•»«)) 

-*>)  +  F  {%  +  i\)Y' 


(4.24) 


where  a  =  Em2/Emr 

By  equating  the  numerator  of  expression  (4.24)  to  zero,  we  can 
find  the  condition  for  direction  finding  of  two  point  targets.  It  is 
easy  ,to  see  that,  ,in  this  case,  the  radar  will  track  from  the  power 
center  of  the  sources  and  the  equisignal  direction  will  be  nearer 
the  direction  to  the  source  whose  power  is  greater. 

Of  greatest  interest  is  the  case  where  one  of  the  targets,  for 
example,  target  number  1,  is  located  at  a  small  angle  6^  =  A0  to 
equisignal  direction,  which  corresponds  to  the  condition  of  target 
resolution. 


In  this  case, 

r  *>*»>• 


(4.25) 


where  \i  is  the  direction  finding  sensitivity  corresponding  to  the 
steepness  of  the  linear  part  of  the  direction  finding  characteristic 
when  a  single  target  is  involved  in  the  direction  finding,  and  is 
equal  to 


1  rff(»,j r9t) 
V‘~  F(9.)  df, 


(4.26) 


Substituting  (4.25)  into  (4.24),  we  obtain  after  elementary 
transformations 


S(0)= 


,  a,  r  (».  -  «■>■ -f  (».+».) 

P  '  *  4F"  (9.) 


i+°'[.-8-8^;7’+9l>],‘ 


(4.27) 
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Since  target  resolution  sets,  in  at  angular  distances  exceeding 
the  radiation  pattern  width  and  angular  direction  finding  errors 
for  the  resolved  target,  under  normal'  conditions,  do  not' exceed 
one  tenth  of  the  radiation  pattern  width,,  we  can.  assume  02  >>  A0. 


When  these  conditions  are  fulfilled,  function  F(0q  +  02)  in  the 
first  approximation  can  be  considered  independent  of  A0.  Then  the 
value  of  the  direction  finding  sensitivity  at  the  operating  point 
can  be  represented  by  the  following  expression: 


_ </S(8) 


0,) +JFiML0i) 

2^(07) 


(4.28) 


hence  it  follows  that 


(*.-  0j)  +  F  («.  +  0*)  1*  . 

____a  |  __  |. 


(4.29) 


Formula  (4.29)  makes  it  possible  to  evaluate  the  change  in 
direction  finding  sensitivity  due  to  the  effect  of  an  interfering 
target  located  at  an  angle  02  to  the  target  being  worked. 

Equating  S(0)  to  zero,  we  can  find  the  value  of  direction 
finding  error 


hence 


PA0+a*^%=^(?t±iL=O: 


('  .30) 


Afl  _ _ _ 21  ‘  F»  (0,-0,) -ft  (9, +  6,) 

4 f  *  (0.)  .  * 


(4.31) 


The  expressions  obtained  (4.29)  and  (4.31)  show  that  the  effect 
of  the  second  target  is  expressed  in  the  change  in  direction  finding 
sensitivity  and  the  appearance  of  direction  finding  error  for  the 
selected  target.  Using  these  expressions,  we  can  determine  conditions 
for  target  resolutions. 


Figure  4.4  presents  a  standardized  curves  of  66 ■  6u  ,  calculated 

|||  i  ^  u  a 

according  to  formula  (4.29)  and  (4.31)  with  an  approximation  of 
the  antenna  radiation  patterns  by  function 


.  sin* 

f(9)=  '  _r 


K-Trdji 


(4.32) 


where  a  is  the  diameter  of  -the  antenna  paraboloid. 
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Fig,  4.4.  Variation  and  direction  finding  sensitivity  Sua  and 
angular  direction  finding  error  60&  of  an  amplitude  sum-difference 
monopulse  radar  because  of  interfering  target. 

The  tilt  angle  of  the  beam  6Q  is  determined  from  equation 


K  q  rfnfl0  — ~  2 


(4.33) 


On  the  figure  we  assume  the  following  standardization  of 
relationships : 


a’rc-y  dm 


(4.34) 


H-l*' 

G7 - 3®^ 


(4.35) 


With  the  approximation  used,  the  radiation  pattern. width  with _ 
respect  to  the  3  dB  level  is  equal  to  0Q  ^  =  X/dn  and  0Q  =  0Q  ^2 

Prom  Figure  4.4  it  is  apparent  that  with  an  increase  in  angle  02 
the  standardized  direction  finding  sensitivity  drops  and  reaches  zero 
when 

X*~  ~2~drfia  —  -y- , 

which  corresponds  to  02  =  1.5  y  When  x2  =  ir/2(02  =  0Q)  the 
direction  finding  error  is  maximum  and  when  a  =  1,  it  reaches 
A0  =0.6  0Q,  which  corresponds  to  an  error  equal,  approximately, 
to  the  half-width  of  the  angle  between  signal  sources.  Subsequent 
increase  in  leads  to  a  decrease  in  direction  finding  error  to  zero 
when  02  =  1.5  0Q  ^ .  Hence  it  follows  that  full  target  resolution 
in  this  case  occurs  when  their  angular  separation  is  approximately 
1.5  0 q  tj.  This  is  near  the  condition  for  target  .resolution  which 
takes  into  account  the  width  of  the  autocorrelation  function. 

Naturally,  if  we  select  a  less  rigid  criterion  for  resolution 
the  requirements  for  target  spacing  are  accordingly  reduced. 

4.2.2.  A  phase  sum-difference  monopulse  system  of  direction 
finding  in  one  plane.  In  this  case,  signals  reflected  from  two 
point  targets,  received  by  the  antennas  of  the  first  and  second 
receiving  channels,  can  be  represented  by  the  following  expressions; 

• 

A  (tr 0)  =  BmiF  (0,)  exp  imt  -j~  E„,SF  (8,)  exp  I  {mt  <-}-  <x), 

(4.36) 

(/,0)  =  BmP  (0,)  exp  i  (iot  -f  ?<) 

+  EmtF  (0»)  exp  i  («/  -f  a  -f-  <?,),  (4.37) 

where  P(©1)  and  P(02)  are  the  amplification  factors  of  the  antennas 
in  the  direction  to  signal  source; 

4^  and  <}>2  are  the  phase  shifts  of  the  signals,  caused  by  angular 
errors  in  finding  their  sources,  and  equal  to  4>1  2  =  k l  sin  8-j 
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a  is  the  phase  shift  of  the  signal,  caused  by  target  separation 

r't 

with  respect  to  range. 

With  sum-difference  processing,  at  the  input  of  the  sum  and 
difference  channels  we  obtain 

Ec  (<f6) =yfF  (I.)  [exp  i  («rf + ?,) + exp  i»/]  + 

+  W  F  (•«)  lexp  i  K  -f  «  + ?•) + exp  >  '(•*  4*  *)]  i 

V2  (4.38) 

K  (<.•)  —  yf- F  (Oi)  (exp  i«-f  <?,)  exp  /«»/}  + 

+  ^§=- F  (°j)  lexp  F(«f  +  *  +  ?»)  —  exp  i  («/  -J-  a)].  (4.39) 

At  the  output  of  receiving  channels  identical  in  characteristics, 
we  get  the  following  with  accuracy  up  to  the  constant  coefficient; 

«C  (/.®)  =  {F{%)  (exp  i  (o'n;,(4-  9,)  -f.  exp  ionp<]  -j-  (4.40) 

*1-  aF  (0,)  (exp  i'  (<o,lp/  +  a  -f  <f>a) + exp  i  («Dpf  -J-  a)]}; 
mp  (/,  0)  =  ~|i-  {F  (O,)  [exp  i  (i >npf -j- (p ,)  —  exp  i  »np(]  -f. 

+  aF  (0.)  (exp  i  ( •„,/  -j-  a  -J-  <fj)  —  exp  i  («npf  -j-  a)]}.  ( 4 . 4 1 ) 

At  the  output  of  the  multiplying-type  detector,  taking  into 
account  signal  standardization  with  respect  to  sum-signal  and 
additional  phase  shift  of  difference  signal  by  90°,  the  error  signal 
can  be  determined  by  expression 

Re«c(f,  6)  u*p(/,8)expl-|-  . 

^(9)==  «o  V,  8)«M*.  8)  = 

F'  (P,)  sin  y,  -f-  a'F » (0»)  sin  <ft  -  aF  (8i)  F  (8,)  (sin  (a  —  ?,)  -  # 

~  F*  (9,)  +  a'F*  (8,)  +  F *  (0,)  cos  f ,  +  a'F * (0,)  cos  ? ,  + 

_  •  ‘  —  sin(a+yi)l  ■' _ _ 

*  'aF  (0,)  F  (0,)  [cos  («+?,-?,)  +cosa+cos  («+yi),+cos  (a—?,)  (4.42) 
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Phase  shift  a  in  actual  conditions,  changes  rapidly  and  we  can 
assume  that  the  oscillation  phases,  which  can  be  produced  by  the 
variations,  of  the  error  signal  are  fully  filtered  in  the  direction 
finding  system.  Then  the  expression  (4.112)  can  be  simplified  by 
excluding  components  depending  upon  a: 


S(6)= 


F'  (8t)  sin  it  +  a'F*  (8«)slnyj _ 

F*  (9|) '+-«»/» (8,)  +  F*  (8,)  cos  f,  +  a*  f *  (6,)  cos  f,‘ 


< 

(4.43) 


If  target  No.  1  is  located  at  a  small  angle  A6  to  equisignal 
direction,  then  0.^  =  A0,  P(01)  s  F(0)  and  sin  0-j^  *  A0.  Hence  it 
follows  that 


S(6)= 


£  sin  (kM)  +  a*  sin  [k l  sin  6,)| 


I  +fl*  yrM  +  cos  (k/A0)  +  a*  yr^f  cos  {kI  sin  0,) 


F '  (9S) 


(4.44) 


For  the  area  of  interest  to  us  02  »  A0  and  functions  f ( ©2 ) 
in  the  first  approximation  can  be  assumed  independent  of  A0. 
Therefore,  the  steepness  of  the  direction  finding  characteristic  at 
the  working  point  can  be  calculated,  approximately,  according  to 
formula 


rfS(0)  | _ * 

rfA0  .  — 

'  AO  =1 


kI 


o  2  +  a*  -prfy- 1 1  +  cos  (kI  sin  0,)J 


Kl 


(4.45) 


With  direction  finding  of  a  single  source  a  =  0  and  y  =  kZ/2, 
which  corresponds  to  standard  direction  finding  sensitivity  of  a 
phase  sum-difference  monopulse  system. 


Solving  equation  (4.45)  with  respect  to  y  and  y’,  we  can  find 
the  formula  which  makes  it  possible  to  evaluate  the  change  in  the 


direction  finding  characteristic  of  the  system  in  the  presence  of  an 
interfering  signal  source,  in  the  form 

•  ^  n'a*  =  cos* si*1 0*)-  (ij  iie) 

Equating  (4.44)  to  zero,  we  find  the  condition  of  direction 
finding  in  the  presence  of  an  interfering  target: 

sin  (K/A8H-  a *  — ^Jsin>/>in  8S)  ==0 

At  small  values  of  A0  sin  fe£A0  ~  feJA0.  Hence  it  follows  that 


AO 


a'lul 


:^sin(K/sin6,). 


(4.47) 


Figure  4.5  illustrates  the  dependence  of  the  direction  finding 
characteristic  and  the  angular  errors  of  a  phase  sum-difference 
monopulse  system,  designed  according  to  formula  (4.46)  and  (4.47) 
[553- 


In  the  calculations,  the  radiation  pattern  was  approximated  by 
function 


sin  *  -g-  0 


(4.48) 


To  simplify  comparison,  the  dimensions  of  amplitude  and  the 
phase-type  radar  antennas  were  assumed  identical  and  equal  to 
dn  =  21. 

A  comparison  of  calculated  data  presented  in  Figs.  4.4  and  4.5 
shows  that  radar  of  the  amplitude  type  is  somewhat  more  sensitive 
to  the  presence  of  an  interfering  signal  from  a  neighboring  target 


located  within  the  main  lobe  of  the  sum  directivity  characteristic 
than  a  phase-type  radar.  If  the  interfering  target  lies  beyond 
the  main  lobe  of  the  sum  radiation  pattern,  then  a  phase-type  radar 
is  more  sensitive  to  interfering  targets. 

Analysis  of  the  resolution  of  monopulse  radars  of  the  sum- 
difference  type  was  carried  out  for  the  reception  mode.  If  the.  r 

radar  is  operating  on  reception  and  transmission,  the  amplitudes 
of  the  reflective  signals  Em^  and  will  be  proportional  to  the 
corresponding 'radiation  patterns  on  transmission.  This  should  be 
taken  into  account  when  determining  the  direction  finding  characteristic 
S(0)  and  the  quantities  A9  and  p*. 


Pig.  A. 5.  Variation  in  direction  finding  sensitivity  6p.  and  angular 
direction  finding  error  69  in  a  phase  sum-difference  monopulse  radar 
because  of  an  interfering  ‘’’target. 


For  simplification  in  analysis,  it  was  assumed  that  one  of  the 
targets  was  located  at  a  small  angle  relative  to  equisignal  direction. 
In  this  case,  when  this  condition  is  not  fulfilled,  analysis  is 
complicated  and  it  is  simpler  in  determining  radar  resolution  to 
go  to  graphics  plotting  the  resulting  direction  finding  characteristic 
at  various  angles  between  targets,  given  by  certain  approximations 
of  radiation  patterns. 


As  is  apparent  from  equation  (^.24),  determining  the  direction 
finding  characteristic  are  the  sums  of  the  difference  and  sum  patterns 


with  respect  to  each  of  the  signal  sources,  taken  with  a.  weight 
factor  equal  to  the  ratio  of  the  powers  of  reflected  signals  from 
corresponding  sources.  Plotting  the  sum  and  difference  patterns 
in  corresponding  scale  (one  on  tracing  paper,  the  other  on  a  drawing 
grid)  and  summing  them  with  various  values  of  angular  target 
separation,  according  to  the  expression  determining  the  direction 
finding  characteristic,  we  can,  in  each  case  of  interest  to  us,  plot 
graphically  the  resulting  direction  finding  characteristic  and,  based 
on  its  behavior,  determine  the  moment  of  target  resolution. 

The  graphic  method  is  convenient  because  of  its  immediate  visi¬ 
bility  and  comparative  simplicity.  Below  we  shall  examine  the  result 
of  graphic  analysis  of  radar  resolution  for  various  types  of  radars 
amplitude  monopulse,  with  dual  swi*  ag,  with  conical  scanning  and 
sequential  switching  of  radiati _n  patterns  [102].  Partial  patterns 
of  the  radars  examined,  presented  in  Fig.  4.6,  were  approximated 

p 

in  the  region  of  the  main  lobe  by  function  cos  56.250,  where  0  is 
the  displacement  angle  in  degrees.  The  width  of  the  radiation  pattern 
at  the  3  dB  level,  with  the  approximation  used,  was  1.2°.  In  the 
analysis,  the  equality  of  amplitude  for  signals  from  targets  (a  =  1) 
was  assumed. 

Figure  4.7  presents  standardized  resulting  direction  finding 
characteristics  of  a  monopulse  radar  with  the  reception  of  signals 
from  a  dual  target  for  three  values  of  angular  target  separation. 

In  the  figure  it  is  apparent  that  with  an  angular  separation  of  1° , 
the  radar  does  not  differentiate  the  targets.  In  this  case,  the 
shape  of  the  direction  finding  characteristic  is  typical  for  the 
case  of  a  single  target.  The  presence  of  the  second  target  in  the 
beam  is  manifested  only  by  a  certain  dip  in  the  direction  finding 
characteristic  in  the  equisignal  direction. 

With  an  angular  separation  of  1.1°  there  is  a  break  in  the 
direction  finding  characteristic  in  the  region  of  the  middle  zero 
point,  which  points  to  the  presence  of  two  targets  in  the  irradiation 
zone.  However,  in  the  region  of  the  direction  to  each  target,  the 
steepness  of  the  direction  finding  characteristic  is  low,  which  does 


not  provide  the  possibility  of  reliable  tracking  and  determination 
of  precise  target  coordinants.  Only  when  .t|»  .*  1.6°  are  ! there 
formed  in  the  direction  finding  characteristic  two  stable  points 
with  high  steepness ;  the  monopulse  radar  fuily  distinguishes,  two- 
targets  and  can  reliably  track  either  6f  them,1  giving ’accurate' - 
angular  coordinates.  Therefore,  the  angle,  at  1.6°,  which  is  equal  | 
to  1.330q  in  the  examined  case,  can  b'e  taken,  for  the  target 
resolution  angle.  '■ 


Pig.  4.6.  Radlati  pattern  for  compared  coordinate  system:  a)  . 
a  monopulse  system  .id  a  system  with  dual  switching  of  antennal 
radiation  patterns;  b)  a  system  with' conical  beam  scanning;  c)  a 
system  with  sequential  switching  of  antenna  radiation  patterns.  , 

Fig.  4.7.  Standardized  direction  finding  characteristics  of  a 
monopulse  system  with  direction  finding  of  a  paired  target  for  three 
values  of  target  visibility  angles  ij<  . 

KEY:  (1)  1.0  0,  deg.  H 


i 


-  '  ;  .  ,  i 
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,  A  similar,  method  of  determining  resolution  was  used  with  respect 
to  systems  with  dual  and  sequential  switching  of  antenna  radiation- 
patterns,  and  also  systems  with  conical,  beam  scanning.  Direction 
finding  characteristics  for  these  'systems  are  similar  and  are  presented 
ih  Pig.  4.8j.  Prom  the  figure  it  is  apparent  that  with  angular  target 
separation  of ( 1.5° ' (upper  curve)  neither  of  the  systems  resolves  the 
targets.  _  In  this  case,  all  Systems  indicate  the  presence  of  one 
target  instead  of  two. 

With  angular  separation  of  1.6°  (rpiddle  curve)  the  direction 

I 

finding  characteristic'  of  all  three  systems  has  its  zero-steepness 
area  at' the  origin  of  coordinates.  This  case  can  become  similar  to 
:  the  case  of  single  target  direction  finding  for  a  ra.dar  station  with 
a  large  region  of  insensitivity.  When  angular  target  separation  is 
1.7° i  the  direction  finding  characteristic  indicates  the  presence  of 
more  tlian  one1 target,  but  target  separation  is  still  insufficient 
for  the  separate  tracking  of  either  target. 

i  i 

The. shape 'of  direction’ finding  characteristic  for  the  radars 
.studied,  with  full  target  resolution,  i!s  indicated  in  Pig.  4.9. 
Comparative  resolution  data  for  the  stations  studied  are  presented 

'in.  Table  4,1. 

'  1  ' 

In  the  table  Kp  is  the  minimum  angular  target  separation 
at  which  resolution  of  the  targets  occurs  and  the  possibility  is 
provided  for  separate  tracking  with  errors  not  exceeding  permissible 
quantities.  The  last  column  of  the  table  contains  data  on  angles 
of  resolution.,  standardized  with  respect  to  radiation  diagram  width 
based  on  a  level  of  half  power.  ( 

i 

Prom, the  data  presented  it  is  apparent  that  between  a  monopulse 
system  and  a  system  with  dual  switching  of  radiation  patterns,  there 
is  litc-le  difference' in  .resolution  (less  than  10$). 

As  for  radars  witft  conical  scanning  and  sequential  switching 
of  patterns;  they  are  inferior  to  the  above  systems,  with  respect 
i  to  resolution,  by 'approximately  30$.  1 

.  1  >  i 

*  » 
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Pig.  4.8.  Standardized  direction  finding  characteristics  of  systems 
with  dual  switching  of  radiation  patterns,  with  conical  scanning 
and  with  sequential  switching  of  the  antenna  radiation  pattern  during 
direction  finding  of  paired  targets  for  three  values  of  target  visi¬ 
bility  angle  4*^  • 

Pig.  4.9.  Standardized  direction  finding  characteristics  containing 
minimum  angular  distances  between  targets,  at  which  accurate  tracking 
of  either  target  is  ensured:  a)  monopulse  systems;  b)  system  with 
dual  switching  of  radiation  patterns;  c)  system  with  conical  scanning; 
d)  system  with  sequential  switching  of  antenna  radiation  patterns. 

KEY:  (1)  1.0  0,  deg. 
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Table  4.1. 


( 1 )  Tun  PnC 

<bu  -»■  ',Mii 

* 2  *  MoiiOHMny.TUCiia'H 
(3>C  naptuiM  nepsK.iKwemicM  fliiarpaMM 
H.mpaB.ieHHocTH 

(4)  C  KOHHMCCKHM  CKatlHpOB3i!HeW 

15  >C  noc.ieAOBaTe.Tt.HMM  nepetutoteiiHeM 
AitarpaMM 

■l:ei 

2.0  - 
2,2 

1.3 
'  M 

■  1.7 

1.8  ' 

KEY:  (1)  Type  of  radar;  (2)  Monopulse;  (3)  With  dual  switching  of 
radiation  pattern;  (4)  With  conical  scanning;  (5)  With  sequential 
switching  of  patterns. 

As  a  result  of  formula  (4.24),  it  has  been  shown  that  the  phase 
shifts  of  reflective  signals  can  be  disregarded  on  the  basis  that 
they  give  comparatively  high-frequency  components,  in  error  signals 
and  are  filtered  at  detector  output. 

In  addition  to  phase  changes,  under  actual  conditions  there  will 
also  be  changes  in  reflected  signal  amplitudes  due  to  the  geometric 
differences  in  the  targets  and  the  fluctuation  in  the  amount  of  effective 
reflecting  surface.  Amplitude  ratios  substantially  affect  the  moment 
of  target  resolution.  Since  amplitude  signal  ratios,  under  actual 
conditions,  are  subject  to  random  fluctuations,  the  evaluation  of 
a  radar's  resolution,  when  operating  on  group  targets,  is  generally 
a  complex  problem,  and  a  radar’s  resolution,  even  for  two  targets, 
can  be  expressed  only  in  the  form  of  a  probability. 

Figure  4.10  presents  the  density  distribution  of  direction 
probability  for  systems  of  tracking  on  each  of  two  targets  with 
different  distances  between  them,  expressed  in  fractions  of  radiation 
pattern  width  and  taking  into  account  the  actual  fluctuations  in 
signal  amplitude  [191-  These  data  indicate  that  it  i’s  possible  to 
distinguish  two  targets  if  they  are  separated  by  a  distance  corresponding 
to  0.85  of  the  width  of  the  antenna' radiation  pattern.  This  agrees 
approximately  with  the  moment  of  initial  target  resolution,  obtained 
by  the  above  described  method,  when  during  the  equality  of  reflected 
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signals  the  presence  of  two  targets  can  be  determined;  however,  it 
is  '‘not  possible  as  yet  to  perform  accurate  individual  tracking  of 
them  due  to  the  small  steepness  in  the  direction  finding  characteristics 
at  the  working  points. 


Pig.  4.10.  Distribution  of  antenna  direction  probability  during 
the  tracking  of  two  targets  with  different  angular  distances: 

a)  K  ‘  °-3  90.5;  b)  *m  ’  °-75  60.5!  *„  *  °-85  e0.5- 

KEY:  (1)  Probability  density. 

The  side  lobes  of  the  radiation  pattern  impair  angular  resolution 
and  can  be  the  reason  for  the  appearance  of  false  targets. 

§  4.3.  DIRECTION  FINDING  SENSITIVITY  OP  MONOPULSE  RADARS 

•The  direction  finding  sensitivity,  by  which  we  mean  the  steepness 
of  the  direction  finding  characteristic  at  the  working  point,  is 
along  with  resolution,  an  important  characteristic  of  a  radar. 

Figure  4.11  shows  standardized  direction  finding  characteristics 
during  the  operation  of  radars  of  various  types  on  point  targets, 
obtained  by  calculation  [102].  In  the  calculations  it  was  assumed 
that  the  direction  finding  systems  have  identical  radiation  patterns 
and  equal  signal-noise  ratios  for  their  receivers. 


Fig.  4.11.  Standardized  direction  finding  characteristics  of  radars 
during  the  direction  finding  of  a  point  source:  a)  monopulse  systems; 

b)  system  with  sequential  and  dual  switching  of  antenna  patterns; 

c)  system  with  conical  scanning. 

KEY:  (1)  deg. 


Table  4.2. 


(1) 

Tan  PJ1C 

.12) 

*Cp>TH3lta. 

.  I /epad 

HopWpcsaHHaa 

xpyiH3Ha 

4)  MoHOHMny.ibCMH  cyMMapnc>'pa3HocTHaa 

5)  C  nocneflOBaTCAbHbiM  nepatmoweimeM 

4,6 

i 

TwarpaMM  nanpaanemiocTH 

3,3 

0,72 

)  C  napHbiM  impeK/iKwenHeH  jwarpaMM 

3*  l 

0,67 

7  )  C  KOHHMeCKHM  CKaiinpoBaHHeM 

2.7 

0,59 

KEY:  (1)  Type  of  radar;  (2)  Steepness,  1/deg;  (3)  Standardized 

steepness;  (4)  Monopulse ^sum-difference;  (5)  With  sequential  switching 
of  radiation  patterns;  (6)  With  dual  switching  of  patterns;  (7)  With 
conical  scanning. 


Comparative  data  on  direction  finding  sensitivity  of  the  selected 
systems  for  low  signal/noise  ratios  are  presented  in  Table  4.2. 
Steepness  is  standardized  with  respect  to  the  amount  of  steepness 
of  an  amplitude  monopulse  system  of  the  sum-difference  type. 

The  data  in  the  table  show  that  a  monopulse  system  with  the 
comparatively  low  signal/noise  ratios  assumed  possesses  the  highest 
direction  finding  sensitivity,  approximately  doubling  the  direction 
finding  sensitivity  of  a  radar  with  conical  scanning.  A  similar 
conclusion  was  reached  by  Fellbrant  [53]. 
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Since:' accuracy-  of  direction  finding,,  when  we  take  into 
accduntf';the  effect,  of  the  internal  receiver  noises  (see  Chapter  5), 
is  inversely/ 'proportional  to  the  steepness  of  the  direction  finding 
characteristic,  a  monopulse  system,  under  thqse, '.conditions,  provides 
higher  accuracyV 

•  .  '  ■'  .  •  ,  -■  ‘  ‘  •'  n 

Under" ‘the'cpndi'tions:- of  a  strong-  signal,-  when  the  signal/noise 
ratio  is  sufficiently  ‘•high;',and^  answers  the  Requirements  for  satis¬ 
factory  operation  of  the  target  tracking  system,  there  is  no  noticeable 
difference  iii  .dirpbfion '  finding  sensitivity  between  monopulse  radars 
and  the  systWmS' examined v  . 

Table  4*. 3.  *«  '  v  -  ‘ 


(2)  "■  ,  ' 

THti  >r.ioBoro  AHcKpuMkitahropa 

„  . (l) 

Kpyniatu  xapaxrepHcnm  avm  Tpex  mctoaos 
ittJicKraumi 

(3). 

aMiuiaryAHofl 

,M  1  \ 

(4)  • 
(paaooofl 

(5) 

KOMIUKKCHOft 

Avrwuiiyiuiwft  ■  (6). 

<J>a3CBblH '  s  (?'• 

CyMMapHo-pacnocTiiuft 

Pi> 

P. 

P*. 

P* 

0,5;a» 

Pa  • 

0,5!** 

KEY:  (1)  Steepness  of  characteristics  for  three  methods  of  direction 
finding;  (2)  Type  of  angular  discriminator;  (3)  amplitude;  (4) 
phase;  (5)  complex;  (6)  Amplitude;  (7)  Phase;  (8)  Sum-difference. 


Table  4.3  presents  comparative  data  on  the  direction  finding 
sensitivity  of  monopulse  radars  of  various  types  [45].  It  is  apparent 
from  the  table  that  monopulse  radars  of  the  sura-difference  type 
regardless  of  the  direction  finding  method  used,  ’<:\ve  half  as  much 
direction  finding  sensitivity  as  monopulse  radars  jf  other  types. 
However,  the  latter  is  not  evidence  of  less  direction  finding  accuracy 
in  sum-difference  monopulse  systems  since  a  whole  series  of  other 
important  factors  determining  accuracy  are  not  being  taken  into 
account. 
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Table  ^.3  uses  the  following  designations: 


dS  (8> 
tf0 

dS(f) 

<*? 


6=0' 
4^=0  ' 

i  * 


We  should  keep  in  mind  that  the  above  indices  of  direction 
finding’  sensitivity  and  angular  resolution  cannot  be  assumed  a 
completely  sufficient  basis  for  the  selection  of  the  best  system. 

In. addition  to  the  parameters  indicated,  when  selecting  the  type 
of  coordinates  system,  it  is  necessary  to  take  into  account  also 
range  sensitivity,  design  complexity,  noise  protection  with  respect 
to  natural  and  artificial  noises,  tactical  operating  conditions,  and 
a  number  of  other  parameters. 


§  k . 4 .  METHODS  OP  IMPROVING  ANGULAR  RESOLUTION  IN 
MONOPULSE  RADARS 


The  nee'l  to  increase  ang^^ar  resolution  arises  when  group  targets 
are  lnVol^a  and  also  when  countermeasures  are  being  used  by  the 
enemy  .>  <  n  as  the  dropping  of  chaff  and  decoys,  which  considerably 
confi  sj,‘  the  aerial  situation.  Such  a  requirement  also  arises  when 
working  with  low-flying  targets  where  a  mirror  reflection  of  signals 
from  earth  begins  to  occur. 


A  well  known  method  of  increasing  angular  resolution  is 
to  decrease  the  A/d  ratio  by  using  shorter  waves  and  antennas  with 
large  aperture  dimensions.  However,  this  method  is  not  always 
applicable  since  it  requires  that  the  size  and  weight  of  antenna 
systems  be  increased.  Therefore,  recently  consideictble  attention 
has  been  given  to  the  development  of  schematic  methods  of  solving 
the  problem  of  improving  angular  resolution  in  a  radar  and,  in  this 
respect,  monopuise  radars  have  definite  advantages  over  other  types 
of  direction  finding  systems. 


i 


Monopulse  systems-  not  only  have  high  angular  resolution  as 
compared  with  single-channel  systems,  but  aiso,  under  certain  condi¬ 
tions  make  it  possible  to  accomplish  the  resolution  of  targets  located- 
within  the-  antenna  beam.  This  possibility  is  brought  about  by  the 
use  in-  monopulse  radars  of  multichannel  reception,  making  it  possible 
to  obtain' additional  target  information-. 

/ 

As  we  know,  the  nonresolution  of  targets  with  respect  to  angular 
coordinates  can  .appear- in  two  ways.  When  the  signals  reflected 
from  the  targets  ar.e  identical  in  level,  the  equisignal  direction 
of  the  radar  will  be. set  in  the  direction  of  a  point  located 
midway  between  the  targets.  If  low-frequency  fluctuation  of  reflected 
signals  occur  and  at  times  a  stronger  signal  arrives  from  one  target, 
the  equisignal  direction  will  be  shifted'  in  accordance  with  the  changes 
*in  signal  level  from  one  target  to  the  other.  In  both  cases,  the- 
radar  cannot  properly  indicate  the  location  of  the  target;  therefore, 
the  flight  of  aircraft  in  groups  is  considered  one  of  the  counter¬ 
measures  against  the  guidance  systems  of  guided  rockets  with  radar 
homing  heads  [103]. 

Since,  under  actual  conditions,  the  reflected  signal  fluctuates, 
one  of  the  methods  for  schematic  solution  to  the  target  resolution 
problem  for  a  group  target  is  based  on  angle  gating  [103], 

4.4.1.  Methods  for  increasing  resolution,  based  on  angle  gating. 
The  essence  of  this  method  lies  in  desensitizing  the  angular-measurement 
servosystem  with  respect  to  error  signals  arising  at  the  instant  a 
stronger  signal  arrives  from  another  direction,  and  tracking  only 
the  chosen  target. 

The  gating  principle  can  be  used  since  the  fluctuations  of  signals 
reflected  from  targets  lead  to  rapid  changes  in  error  signals. 

Error  variation  during  the  tracking  of  a  single  target  is  a  slower 
process;  therefore,  a  certain  threshold  of  angular  information 
performance  can  be  established  in  the  system  so  that  it  will  not 
respond  to  error  signals  from  other  targets  which  exceed  this  threshold. 
A  block  diagram  of  one  of  the  versions  of  a  multiple  system,  which 
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uses  this  principle  of  target  resolution  in  a  group,  is  presented 
in  Pig.  *1.12.  Used  in  the  'system  is  a  lens  antenna  with  four  horn 
feeds  and  two  transmitters  working  on  spaced  frequencies  or  on  one 

frequency  but  with  a  time  shift. 

(i) 


Fig. 

KEY 


KEY-  RaSaUofpS™  o?  SIS  teJT<”> „ 
Ssi  ii/aireouSnfcSrTarget  2;  (5)  ~«er B;  (  ~ 

Ar„t!™i8^'tch“u  HetSc^yne/ 
Ptose  detictS! (1H)  I-f  amplifier;  (15)  Mixer;  (16)  Receiver  B; 
17  Receiver  ft;  (18)  Gated  storage  device ;(19)£ervomotor;! 20 

^H-w^JectSer!  Swav ftttllkil S  ' 

Sorter  (?6)  SIve  rectifier;  (27)  Oscillograph;  (28)  Threshold 
bias;  (29)  Threshold  signal  channel;  (30)  Direction  AGO  receiver. 
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We  should  note  that  the  frequency  spacing  of  the  transmitters 
must  not  be  too  great  since  the  reflecting  ability  of  a  target  depends 
upon  frequency  and  this  can  affect  the  logic  communication  between 
error  signals.  In  this  respect,  it  is  better  to  use  transmitters 
on  the  same  frequency  but  operating  with  a  time  shift.  Thus,  one 
transmitter  can  be  used  instead  of  two.  A  disadvantage  of  the  method 
of  time  spacing  of  signals  is  the  complication  of  target  distance 

‘i 

measurement  since,  in  this  case,  additional  ambiguity  is  introduced. 

Thanks  to  frequency  of  time  shift,  of  transmitter  signals,  two 
independent  error  signal  voltages  are  formed  in  the  receiving  system, 
each  of  which  contains  information  on  the  location  of  the  group  target. 

For  simplicity  let  us  examine  a  system  of  direction  finding  in 
one  plane.  As  is  apparent  from  the  figure,  the  antenna  radiation 
pattern  consists  of  two  separate  patterns  displaced  equal  angles 
relative  to  the  antenna  axis  and  formed  by  two  feeds,  each  of  which 
is  excited  by  a  separate  transmitter  (A  or  B).  The  presence  of  two 
separate  patterns  makes  it  possible  to  irradiate  targets  on  different 
sides  of  the  equisignal  direction  by  signals  from  different  transmitters. 
This  ensures  that  additional  information  will  be  obtained  on  target 
position  with  the  reception  of  reflected  signals. 

Two  separate  receivers  are  provided  for  the  reception  and 
corresponding  processing  of  reflected  signals.  The  receivers  are 
similar  in  design;  therefore,  in  the  figure  one  of  them  is  presented 
in  greater  detail  (receiver  A). 

Signals  from  antenna  output,  through  the  send-receive  switch 
are  fed  to  the  double  balance  bridge  where  sum-difference  processing 
occurs,  typical  for  amplitude  sum-dif ’erence  monopulse  systems. 

At  input  of  the  corresponding  receivers  are  formed  sum  and 
difference  signals  which  then  are  converted  with  respect  to  frequency, 
amplified  in  the  i-f  amplifier,  standardized  with  the  AGC  system  for 
a  sum  signal,  and  compared  in  the  phase  detector.  Signals  obtained 
at  the  output  of  each  receiver  are  fed  to  common  adding  and  subtracting 
devices  and  used  for  target  selection. 
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To  clarify  the  principle  on  which  target  resolution  is  based, 
let  us  examine  analytically  the  processing  of  signals  during 
direction  finding  of  single  and  paired  targets.  We  shall  assume 
that  one  transmitter  is  used  but  radiation  along  independent  channels 
is  spaced  in  time.  In  this  case,  during  the  irradiation  of  a  target 
by  the  upper  antenna  radiation  pattern  (pattern  A),  the  signals 
received  from  the  target  at  antenna  channel  output  can  be  expressed 
as 


ElA  (t,  6)  Em  (0,  -  6)  exp  iW, 

(4.49) 

4m  ft  0)  =■  4m  f  (9. + 0)  F  (9.  -  8)  exp  i  4.  (4.50) 

Hence,  at  the  sum-difference  processer  output,  with  an  accuracy  o 
up  to  the  constant  coefficient,  we  obtain 

=  («.  -  «)  if  (6.  -  8)  +  f  (8. +0)]  exp  i »/, 

=  Em  af  <».  - 1 »)  If  (9.  -  0) -  F  (0. +  0)]  exp  i  ml. 


(8.51) 

(8.52) 


a 


With  identical  channels  and  a  conversion  factor  of  one  in  the 
phase  detector,  error  signal  at  receiver  A  output  assumes  the  form 


Re£M(/,8)g%x(/,9) 

4m('.  0)^V('.  6) 

F  (80-  —  e)  —  F  (80  4-  8) 
~F  (6.-0)  +  F  (8.4-0)* 


(4.53) 


Similarly,  we  can  obtain  corresponding  expressions  for  the  case 
when  the  target  is  irradiated  by  the  lower  radiation  pattern  (pattern 
B): 
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£ls  (t,  8)  _  Emi3  (80  -j-  8)-f  (0a  —  0)exp  i  (« /  -}~  ?)« 

* 

4a  & (8«  +  0) exp i {«)/-}- ?),  ‘  (4.55) 

\y. 

4  „(/,  0)  =  £„/  0. 4-  8)  [F  (8,  -6)  +F('l.+8)]  exp  i  (»/+?), 

^«t'.»)=£„11F(8.+8j (F (8,  — 8)  — 

■  —  z7  (9. + 0)1  exp  I  («/  -f  f), 

S  fflj _ 4  b  (*»  8)  ^*p  a  (*»  0)  _ ■ 

*cB  (*•  ®)  £*c  fl  (*i  0) 

—  ^(0«-~8)-f  (8,4-9) 

F(0,-6)  +  ^(0,+  8)  * 

As  a  result  we  obtain 

sx(0)  =  S£,(8), 

hence 

AS(0)  =  <S,(0)-Sfl(())  =  O.  (4.59) 

Thus,*  when  a  single  target  is  in  the  direction  finding  zone, 
at  output  of  the  monopulse  system  under  study  a  zero  difference  signal 
is  obtained,  irregardless  of  target  position  relative  to  equisignal 
direction.  This  means  that  equality  AS(0)  =  0  can  serve  as  the 
criterion  for  the  presence  of  only  one  target.  Such  a  target  can 
be  fouqd  by  the  usual  method,  either  using  receiver  A  or  receiver  B. 

With  two  or  more  targets  in  the  unresolved  volume  equality 
AS(0)  =  0  becomes  unfulfillable.  We  see  this  in  the  example  of 
direction  finding  on  two  targets  unresolved  with  respect  to  direction. 
Let  us  assume  that  the  targets  are  identical  in  reflecting  abilities. 


(4.56) 

(4.57) 

(4.58) 
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If'  the  targets  are  not  too  far  apart,  then,  as  experience  shows> 
the  direction  finding  system  will  track  the  power  center  which 
agrees,  because  of  the  equality  of  the  reflected  signals,  with  the 
geometric  center  of  the  targets  and  equality  [ ©1 1  =  | 6 2 1  =  | 6 1  will 
be  fulfilled  where  0^  and  0£  are  the  displacement  angles  of  the 
first  and  second  targets  with  respect  to  equisignal  direction.  In 
this  case,  when  targets  are  irradiated  through  the  upper  (A)  and 
lower  (B)  patterns,  at  receiver  channel  output  we  obtain,  respectively 


E\a  (*•  ®)  ==  [P  (0ft  —  9)  exp  i  ©f  + 
+  P  (00  +  0)  exp  !>/  +  ¥)], 


(4.60) 


f2M(/,0)=£nif(0.~0)f(e.+ 

+  0)  [exp  i  of + exp  i  (of  +  <p)], 


(4.61) 


£,  B  (/.  0)  _  EmF  (0#  —  0)  F  (0, + 0)  [exp  i «f  -j-  exp  i  (of + y)]. 


(4.62) 


E2B(t,  0)  =  En  [P (0B  +  0) exp i + 
+P(0,  — 0)  exp  i  (of +  <?)].  . 


(4.63) 


Accordingly,  at  output  of  the  sum  and  difference  channels  (with 
accur?cy  up  to  the  constant  coefficient)  we  obtain 


Ec  A  (t,  0)  =  EmFc\F  (0#  —  0)  exp  i  of  + 
+  F  (0o  +  0)  exp  i  (mt + y)j , 


(4.64) 


Ep  A  (f ,  0)  =  EmFp  [F  (0O  -  0)  exp  i  of  - 
—  F(0o  +  O)expi(of  +  <f)l, 


(4.65) 
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I  i  , 


£e*'(M) = E»F°  P  (°» +■•)  e*p » + 

+ F  (6,  —  6)  expi «+?)!.  , 

i  ,  ■ 

^*p  b  (f*  ®)  ~  EmF p  I/7  (0*  -f-  0)  exp  i  t»t  —  i 
—  F(0#  — 6)  exp  t(<^ +:?)],  ■ 


(4.66) 


:  (4.67) 


where 


Fe,=  F(%-b)+F&+t), . 
fp-F  (0#-O) -^(00  +  0). 


Error  signals  at  output  of  receiver  A  and  B*  after  elementary 
transformation,  will  be  written  as  1  !  .  ! 


o  /flx_ _ (0,-M))» 

°A  W  —  F*  (0, -  0)  +  2F  (8,  -  8)  F  (0,~  +  0)  cos  f  +  F*  (0,  4.  6)  »  . 


( 4 . 6:8 ) 


c  ,ftv  ff(0,-Q)~f(e,-H)]» _ 

W  —  ft  (9,  —  8)  +  2F  (0,  —  0)  F  (0,  +  0)  cos  f +f  (0,  +  0)  * 


(4.69) 


The  resulting  expressions  for  S^e)  and  Sg(0)  are  equal  in 
modulus,  but . opposite  in  sign.  Hence  ■  : 


A$j0)=s4(0);-^(0)^o. 


(4.70) 


Using  this  method,  we  can  show  that  inequality  (4.70)  is  also 
fulfilled  when  there  are  more  than  two  targets  with  different  reflecting 
surfaces  in  the  unresolved  volume  c*  space.  We  can  also  show  t^at 
when  equisignal  direction  of  the  antenna  of  a  monopulse  system  is 
shifted  to  the  side  of  one  of  the  targets  and  this  target  at  some 
instant  is  more  powerful  source  of  reflected  signals  than,  the  .other  < 
target,  the  difference  voltage  of  the  error  signal  AS(0)  will  be  i 
near  or  equal  to  zero  just  as  in  the  case  of  a  single  target.  , 


i 


i 
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Thus,  the  equality  of  error  signal  difference  AS(0)  to  zero 
can  be  an  -indicator  that  the  distinguished  signal  belongs  to  only, 
one  of  the  target  and,  based  on  this  criterion,  target  resolution 
can  be  accomplished',  ,  1 

I 

I  l 

j 

For  an  indication  of  the  aerial  -situation.!,  in  the  zone  of  action 
of  a  direction  finding  system, in  search  mode,  the  difference 
of  error  signals  SA(0)  -  Sg(8)  is  fed  to  input  of  the  vertical  sweep 
of  the  indicator  tube,  and  their  sum  SA ( 6 )  +  Sg(0)  to  the  input  of 

horizontal  sweep.  The  image  thus  obtained  on  the  screen  is  shown 

*  «  * 

im  Pig,  4.13a.  yhe  intersection  points  of  the  horizontal  sweep 

line  with  the  parabolic  .curve ,  forming  the  lower  boundary  of  the 

image  and  corresponding  to  the  zero  values  of  the  difference  signal 

AS(0),  indicate  the  location  of  each  of  the  targets  (on  the  figure 

these  points-  are!  marked  with  boldfaced  vertical  lines).  * 

i 

i 

If  the  difference  voltage  of  the  error  signal  is  previously  fed 
to1  the  full-wave  rectifier  which  produces  negative  voltage,  on  the 
screen  the  image  changes  (Pig.  4.13b)  and  becomes  more  suitable  for 
determining, target  location  and  tracking  either  of  them. 

i  ' 

If  there  are  three  targets  in  the  group,  the  image  on  the  screen 
will  have  the  form  indicated  in  Pig.  4.13c.  The  outer  edges  of  the 
oscillogram' mark  the  outer  targets  of  the  group.  This  enables  the 
radar  operator  to  track  .these  targets.  . 

i  i 

With. automatic  tracking  of  a'selected  target,  the  sum  signal 
is  fed  to  the  servomptor  of  the  antenna  position  control  through 
the  gated  storage  device,  which  blocks  input  signals  not  corresponding 
to  the  resolution  criterion  and  passes  signals  from  the  selected 
target.  1  In  this  radar  diagram  the  gating  device  is  unblocked  by 
positive  strobes  and  blocked  by  negative  ones  formed  upon  the  appearance 
of  undesirable  or  interference  error  signals. 

i  The,  gating  device  at  the  same  time  provides  memory  of 
a  signal  which  has  passed  through  it  in  a  certain  period  of  time, 

!  I 
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which  removes  the  disconnection  of  the  servosystem  at  the  instant 
the  gating  device  is  blocking  when  error  signals  from  an  undesireable 
target  are  formed  in  the  receiver. 


0)  (a)  .  .  ;\  f)  {b)'  4  (0)..' 

Fig.  4.13.  Image  on  indicator  screen:  a)  direction  finding  of  a 
paired  target  (first  version);  b)  direction  finding  of  a  paired 
target  (better  version);  c)  direction  finding  of -a  group  of  three 
targets . 

As  has  been  indicated,  the  resolution  criterion  is  the  equality 
to  zero  of  the  difference  voltage  of  the  error  signal  AS(0),  At 
such  instants  the  sum  voltage  of  the  error  signal  can  be  both  positive 
and  negative,  depending  upon  which  of  the  targets  is  at  that  instant 
the  more  intense  source  of  signals.  Therefore  target  selection  for 
automatic  tracking  is  accomplished  by  choosing  the  working  polarity 
of  the  sum  error  signal  with  the  aid  of  the  target  selector,  con¬ 
sisting  of  a  switch  and  a  detector  connected  in  series  from  the 
input  load  of  the  full-wave  rectifier  of  the  sum  error  signal. 
Depending  upon  the  position  of  the  switch,  the  polarity  of  the 
detector  connection  and  the  polarity  of  the  signal  transmitted 
through  it  change. 

The  full-wave  rectifier  of  the  sum  error  signal,  regardless  of 
the  polarity  of  the  input  signal,  developes  at  its  output  a  voltage 
of  negative  polarity  used  for  the  blocking  of  the  gating  device. 

The  blocking  of  the  gating  device  also  occurs  if  the  difference 
error  signal  is  zero,  but  the  main  signal  source  is  an  undesirable 
target . 


In  the  system  there  are  a  number  of  additional  devices  not 
indicated  in  Pig.  *1.12  but  necessary  for  improving  the  quality  of 
its  operation. 

Thus,  for  example,  there  is  a  threshold  device  which  eliminates 
angular  antenna  drift  in  the  case  of  small  signals  from  targets, 
whose  level  is  insufficient  to  use  for  tracking  the  target.  A 
d-c  restorer  is  also  provided  to  ensure  the  unblocking  of  the  gating 
device  for  certain  minimum- and  maximum  time  intervals,  thereby 
limiting  the  duration  of  the  blocking  of  the  servosystem.  We  can 
become  acquainted  with  the  work  of  these  devices  through  the  complete 
description  of  this  system  in  reference  [103 J. 

It  should  be  noted  that  this  method  of  design  solution  for  the 
problem  of  target  resolution  in  a  group  cannot  ensure  high  accuracies,  & 
for  example,  the  accuracies  which  can  be  achieved  when  tracking  single 
targets,  since  it  is  based  on  the  blocking  of  the  cervosystem  for 
certain  time  intervals  during  which  the  antenna  moves  from  "inertia". 

Nevertheless,  its  advantages  are  obvious,  particularly,  as  will 
be  shown  in  Chapter  7,  in  tne  protection  from  certain  forms  of 
active  interferences. 

Prom  the  point  of  view  of  achievable  accuracy ,  preference 
should  be  given  to  another  method  of  increasing  resolution  [72], 
which  will  be  described  below.  The  essence  of  this  method  reduces 
to  the  functional  processing  of  signals  received  simultaneously 
along  several  Independent  receiving  channels. 

4. 4.2.  A  method  of  increasing  resolution,  based  on  functional 
processing  of  signals.  We  know  that  the  plane  wave  intensity  phase 
<j>  at  arbitrary  point  "H"  relative  to  reference  point  "0"  located 
at  the  origin  of  coordinates  of  the  plane  of  the  figure  (Fig.  h.lh) 
due  to  the  difference  in  distances  from  radiation  source  A,  is 
expressed  by  formula 

<j>  —  /?H)  =  rr- k  (pcos^  cos  s<m0+psm&  sins),  (4.71) 
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where  RQ  and  is  the  distance  from  signal  radiation  source  to  points 
"0"  and  "H"; 

P>  $  are;  the  polar  coordinates  of  point  "H"  relative  to  point 
"0"  and  the  direction  finding  plane; 

i'£  is  the  elevation  of  the  radiation  source; 

0  is  the  azimuth  of  the  radiation  source. 


;  If  in’  the  direction  finding  plane  we  use  rectangular  system 
of  coordinates  XY,  connected  with  the  polar  system  coordinates  by 
.relationships 

■  y  =  psin&;  x=pcos&, 

then  equation  (4,71)  assumes  the  form 

<p  =  —  k  (x  cos  a  sin  0  if  sin  «). 

(4.72) 

In  the  presence  of  M  sources  the  resulting  field  at  the  examined 
point  in  space  is  determined  from  the  familiar  expression 

M 

4  =  2^"  exP  - iK  (*  cos «»» sin  0m + 1/  sin  em),  (lj>73) 

where  =  EQm  expi  (u)mt  +  4>mQ)  is  the  complex  amplitude  of  signal 
from  the  m-tn  source; 

and  $  are  frequency  and  initial  phase  of  signal  from  the 
m-th  source. 


Expression  (4.73)  shows  that  the  resulting  field  intensity  at 
the  examined  point  in  space  can  be  defined  as  the  sum  of  M  complex 
equations,  each  of  which  is  determined  only  by  the  location  of  the 
correspondence  source. 

Obviously,  if  the  receiving  system  is  capable  of  forming  the 
corresponding  quantity  of  .ndependent  equations  which  characterize 
the  mutual  arrangement  of  the  sources,  then  by  solving  these  equations 
by  familiar  mathematical  methods  we  can  obtain  parameters  defining 
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the  direction  to  each  of'  the  signal  sources  and  thereby  solve  the 
problems  of  target  resolution  in  space.  This  also  involves  the 
principle  of  increasing  radar  angular  resolution  by  the  functional 
*  method. 

The  necessary  quantity  of  independent  receiving  charnels  for  - 
-  a  direction  finding  system,  when  accomplishing  the  functional  method 

of  target  resolution  with  respect  to  angular  coordinates,  is  determined 
according  to  formula  N  =  2M,  where  M  is  the  number  of  radiation 
sources  with  disagreeing  angular  coordinates. 

A  typical  monopulse  radar  performing  two-plane  direction 
finding  has  four  receiving  channels  and,  therefore,  can  in  principle 
successfully  resolve  a  paired  target  by  the  method  considered  when 
targets  are  not  being  resolved  with  respect  to  range  or  speed. 

The  following  system  of  equations  is  formulated  for  such  a 
mpnopulse  radar  at  input  of  the  receiving  channels; 

=-4,  exp  [—  i  (*,{/, -j-  yxVt))  + 

+/i a  exp  [—  i  (xxUt  -j-  r/.V*)], 

Es  =  Ax  exp  [—  i  {xiUl  -f 1 hVt)]  -f 
+ A  exp  [—  i  {xJJ2  1/^)1 . 

E,  =A  exp  [—  i  (xiUl  -j-  j/jV,))  -f 
+  Aa  exp  (—  i  (xJJt  -j- 
=  Ax  exp  [— !  (xAUl  +  «/4V',)]  -f- 
-Mi  exP  [— « (x*VzJry*V»)\, 

(4.74) 

where 

V,  ==  ftrsine,;  £/,=  Arcos8,sin8,;  ' 
y»=/fsin  8,;  Ui  —  Kcos  SjsinO,. 
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if  we  select  the  position- for  antennas  shown  3.<  Fig.  ^.14  and 
their  coordinates  in  a  rectangular  system  are: 

1)  xt=0; 

2)  !/,=/;  x,=0; 

3)  yt  =  0;  x,=/; 

4)  y4=l;  xt—l,  ■ 

Where  l  is  the  distance  between  the  phase  centers  of  the  antennas, 
then  the  .voltage  in  each  antenna  is  expressed  in  the  following 
manner : 

i4| 

A  —  A  exP  (— >  lui)  +  4  exp  (—  i  IV,), 

A—  4&XP(—  i /V  j)  — f— Aexp( — HV 2), 

A--  4  exp  i  /  (AH-V,)!  exp  (— I  /(t/j-f  VJJ.  (4.75)’ 

The  equations  obtained  can  be  formed  relative  to  e^,  f2,  6.^  and 
02  by  the  method  of  wave  division  [72]. 


Fig.  lJ.l*J.  The  arrangement  of  antennas  and  radiation  source  in 
the  selected  system  of  coordinates. 

Thus,  a  Joint  solution  to  the  top  pair  of  equations  of  system 
(4.75)  gives 
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£,  exp  (—  i  IU%)  —  Et 


“  exp  (-  i  IUS)  -  exp  (~  i  IU,) 


A  _  £t  —  exp  (—  ilUj) 

*  “  exp  (—  i  IU, )  —  exp  (—  1  /y,) 


(4.75) 


(4.77) 


Accordingly,  we  obtain  from  the  joint  solution  of  the  bottom 
pair  of  equations  from  system  (4.75) 

i  £aexp(—  HIM  ~  E, 

Ai  “  exp  l-l  l{Ut  +  V,)]  -  exp  (-  i  /  (£.  +  V,)J  (4.78) 


A  = 


Z:4  —  £,  exp  (— !  lUt) 


expl— W  (Ut  +  V»)J  -  exp  [-  ll(U,  +  V,)) 


(4.79) 


Equating  in  pairs  the  corresponding  equations  (4.76)  —  (4.79)  , 
after  elementary  transformation  we  obtain 


£i  exp  (— 1/y,)  ~  £, 


exp(— i/y,)— .  I, 


£,  exp  (—  i  /  y2)  —  £,  . 


exp  (~  i  /Va)  =  1 . 
£i  exp  (—  l  /y,)  —  £4  7 


(4.80) 


(4.81) 


Complex  equations  (4.80)  and  (4.81)  give  x'our  actual  equations 
and  make  it  possible  to  determine  unknowns  Up  U^,  and  V2. 

The  values  found  for  U,  0  and  V,  0  enable  us  to  calculate  azimuth 

1,2  1,2  \ 

and  elevation  for  each  of  the  targets  according  to  formulas 


•  Vt , 

e,fJ  =  arcsin-ii-, 


A  •  Ut.  t 

8lts=  arcsm  -y==~==.. 

v^-vi,2 


(4.82) 


(4.83) 
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All  operations  In  calculating  angular  target  coordinates  can 
be  .performed  by  computers.  Subtraction,  comparison,  and  phase  shift 
for  signals,  in  accordance  with  formulas  ('^J .80)  and  (l|.8l),  can  be 
performed  both  high  and  intermediate-frequency  [72],  '  * 

It  should  be  noted  that  the  functional  method,  unlike  the 
design  method  examined  above  for  increasing  target  resolution  with  * 

respect  to  direction,  enables  us,  in  principle,  to  obtain  higher 
angular  measurement  accuracy  for  targets  in  a  group,  but  its  reali¬ 
zation  is  not  a  simple  task.  Thus,  the  suggested  diagram  of  functional 
processing  on  high  frequency  [72]  requires  an  increase  in  receiving 
channels  of  a  inonopulse  radar  from  four  to  six  and  the  introduction 
of  14  sum-difference  bridges  into  the  high-frequency  circuit  of  the 

direction  finding  system.  In  connection  with  this,  additional 
difficulties  arise  with  the  provision  of  identity  and  stability  for 
the  phase  characteristics  of  the  receiving'  channels,  and  power 
losses  of  signals  received  also  rise  considerably,  which  forces 
the  additional  amplification  in  receiving  circuits.  With  functional 
processing  of  signals  on  intermediate  frequency  difficulties  arise 
with  the  provision  of  linearity  for  the  receiving  circuits  in  a 
sufficiently  wide  dynamic  range. 


CHAPTER  5 


ACCURACY  PROBLEMS  Iii  AUGULAR  MEASUREMENT  BY  , 

THE  MONOPULSE  METHOD 

The  accuracy  of  measuring  angular  coordinates  is  evaluated  by 
direction  finding  errors  caused  by  various  factors. 

Origins  of  direction  finding  errors  are  broken  down  into 
external  origins ,  introducted  by  the  target  and  the  medium  of  radio 
wave  propagation,  and  equipment  origins,  caused  by  imperfection  in 
equipment,  deficiencies  in  the  measurement  method,  as  well  as  internal 
noises  of  the  receiver  and  servosystem.  In  character  direction  finding 
errors  are  divided  into  systematic  and  random. 

In  accordance  with  these  sources  of  errors.  Table  5*1  offers 
a  list  of  the  main  components  of  errors  determining  angular  measure¬ 
ment  accuracy. 

Direction  finding  errors  caused  by  the  effect  of  nonidentity 
of  the  amplitude-phase  characteristics  of  receiving  antennas  are 
analyzed  in  Chapter  6.  Below  we  examine  the  effect  of  a  number  of 
other  reasons  for  the  impairment  of  accuracy  in  angular  measurement 
by  the  monopulse  method. 

§5.1.  THE  EFFECT  OF  RADIO  WAVE  PROPAGATION  CONDITIONS 
ON  DIRECTION  FINDING  ACCURACY 

The  main  factors  affecting  the  accuracy  of  angular  measurer jnt 
by  the  monopulse  method  and  connected  with  radio  wave  propagation 
conditions  are  the  surface  of  the  earth  and  its  atmosphere. 
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Reflection^  from  earth  create  additional  radiation  sources  which 
do  not  coincide  with  the  x^adar- target  direction,  and  the  nonhomogene¬ 
ities  of  the  atmosphere  lead  to  a  distortion  in  the  wave  propagation 
trajectory  and  a  misalignment  between  the  apparent  direction  to  the 
source"  of  the'  reflected  signal's  and  the  direction  to  the  real  source 
of  signals. 


Table  5.1. 


Source  of  errors 


Components  of  errors 


Media  in  which  radio  waves 
are  propagated 


Direction  finding  target 


Radar 


Errors  caused  by  reflections 
of  radio  waves  from  ground  and 
water,  tropospheric  and  ionospheric 
refractions,  diffractions,  and- 
depolarizatibns  of  radio  waves. 

Errors  caused  by  amplitude 
fluctuations  of  reflected  signals, 
by  straying  of  the  reflection 
center  (angular  noise),  depolar¬ 
ization  of  radio  waves  with 
reflection  from  a  complex  target. 

Errors  caused  by  nonidentity 
of  receiving  channels  with  respect 
to  amplitude-phase  characteristics, 
antenna  deformations,  cross¬ 
polarizations  of  receiving  antennas, 
nonlinearities  and  clearances  in 
antenna,  drives,  internal  receiver 
noises,  structural  deficiencies 
in  various  elements  of  the  radar 
and  their  changes  due  to  aging 
and  mechanical  and  climatic 
effects,  etc. 


The  effect  of  radio  wave  propagation  conditions  on  direction 
finding  error  is  analyzed  in  detail  in  a  number  of  works  [2,  18, 

M,  h8],  Therefore,  in  this  book  we  shall  only  briefly  review  the 
results  of  these  works. 

5.1.1.  The  effect  of  the  earth  on  direction  finding  accuracy. 
This  effect  is  apparent,  first  of  all,  in  the  reflection  of  radio 
waves  from  the  earth’s  surface  and  in  interference  .phenomena.  As 
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can  be  seen  from  Fig.  5.1,  the  radiated  antenna  energy  falls  on  the 
target  along  two  different  paths:  the  direct  path  from  the  radar 
to  the  target ( and  after  reflection  from  the  earth's  surface.  The 
4  reflected  wave  can  be  considered  direct  radiation  of  a  fictitious 

source  which  is  a  mirror  ’'‘flection  of  the  real  source.  The  amount 
of  resulting  signal  strei  ;h  at  the  reception  point  will  be  determined 
^  by  the  amplitude  and  phase  relationships  of  the  direct  and  reflected 

signals  and  will  l’each  maximum  when  they  are  cophased  and  minimum 
-when  they  are  antiphased. 

Due  to  the  effect  of  the  reflecting  surface,  a  one-lobe  radar 
|  radiation  pattern  in  the  vertical  plane  is  transformed  into  a  multi¬ 

lobe  pattern  (Fig.  5.2).  Because  of  this  multilobe  nature  the 

! 

;  quantity  of  equisignal  zones  in  the  direction  finding  characteristic 

of  the  system  is  accordingly  increased  and  false  equisignal  directions 
I  (ESD)  appear,  located  at  different  angles  to  the  main  equisignal 

i  direction.  In  a  number  of  cases  false  ESD  will  fulfill  the  conditions 

of  stability  and  then  automatic  target  tracking  with  considerable 
|  angular  errors  is  possible.  The  main  equisignal  direction  with  this 

I  also  can  be  displaced  [82,  i32] . 

I 

I 

i 

i 


Fig.  5.1.  Radio  wave  propagation  over  a  flat  reflecting  surface. 
KEY:  (1)  Radar;  (2)  Direct  wave;  (3)  Target;  (4)  Reflected  wave. 

Direction  finding  error  will  also  increase  because  of  the  fact 
that  during  the  target's  motion  the  multilobe  structure  of  the 
radiation  pattern  changes  because  of  changes  in  the  propagation 
conditions  and  radio  wave  reflection.  This  leads  to  variations  in 
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ESD  position  and  rather  irregular  antenna  movements  in  the  target 
tracking  process. 


Pig.  5.2.  Multilobe  antenna  radiation  pattern  caused  by  the  effect 
of  a  flat  reflecting  surface. 

The  limits  within  which  the  radar  antenna  will  be  displaced 
are  dependent  upon  the  reflection  factor,  antenna  beam  width,  and 
target  elevation. 


Pig.  5*3*  Angular  error  caused  by  refractions. 

KEY:  (1)  Radar;  (2)  Apparent  position  of  target;  (3)  Real  position 
of  target. 


174 


7 

{ 

l  "" 

5.1.2.  The  effect  of  refraction  and  diffraction  on  direction 
finding  accuracy.  Radio  waves  in  free  space  are  propagated  recti¬ 
linear  ly  but  when  passing  through  the  atmosphere  and,  especially, 
its  lower  layer  the  troposphere,  a  distortion  of  radio  waves  occurs, 
which  we  call  refraction.  This  leads  to  errors  in  determining 
target  direction.  The  occurrence  of  angular  error  because  of  radio 
wave  refraction  is  illustrated  in  Pig.  5.3. 

We  know  that  radio  wave  propagation  rate  in  the  atmosphere 
is  determined  by  expression 


(5.1) 


where  e  is  the  dielectric  constant  of  the  medium; 

c  is  the  radio,  wave  propagation  rate  in  free  space. 


Hence  it  follows  that  the  refraction  factor,  equal  to  the 
ratio  of  radio  propagation  rates  in  free  space  and  in  a  given  medium, 
can  be  found  as 


(5.2) 


The  dielectric  constant, of  the  atmosphere  depends  upon 
meteorological  conditions.  Knowing  pressure,  temperature,  and  humidity 
we  can  calculate  the,  dielectric  constant  and  the  refraction  factor 
in  accordance  with  formula  [2]: 


(ft  — 1)10* 


(5.3) 


where  p  is  the  barometric  pressure,  mbar; 

e  is  the  partial  pressure  of  water  vapor,  mbar; 
T  is  absolute  temperature,  °K. 
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Fig.  5.4.  Errors  in  measuring 
elevation  in  the  lower  atmospheric- 
layers'  with  a  humidity  of  100% 
(solid  line)  and  0°  (dashes).  . 


12  3*5  6 


Since  these  parameters  of  the  atmosphere  change  substantially 

''“I* 

with  altitude,  the  greatest  radio  wave  refraction  occurs  in  the 
vertical  plane.  In  the  horizontal  plane  refraction  phenomena  appear 
to  a  considerably  less  extent  than  in  the  vertical  plane1. 

The  effect  of  refraction  on  direction  measurement  accuracy  can 
be  evaluated  by  the  refraction  angle,  by  which  we  mean  the  angle  ! 
between  the  straight  line  connecting  the  radar  and  the  target  and 
the  tangent  to  the  radio  wave  propagation  trajectory  at  the  point 
under  study.  Figure  5.4  presents  the  calculated  dependence  [18] 
of  elevation  error  measurement  (A3)  in  the  lower  layers  of  the  1 
atmosphere  on  the  flight  altitude 'of  the  target’  (H)  and  the  slope  . 
of  the  radar  antenna  beam  (3).  As  is  seen  from  the  figure,  the  ' 
greatest  direction  finding  errors  are  noted  with  low  target  elevations 

5 

In  spite  of  the  fact  that  the  amount  of  direition  finding 

error  due  to  refraction  is  not  great  and  is  usually  expressed  by 

units  of  angular  minutes,  it  should  be  taken  into  consideration 

in  precision  radars  and  compensated  by  .introducing  the  proper 

corrections.  The  amount  of  correction,  as  a  rule,  is  determined  by, 

’  * 

the  experimental  method  for  each  region  involved. 


Diffraction  consists  of  the  property  o,f  radio  waves  to  bend 
around  the  curved  surface  of  the  earth,  similarly  to  light! waves.. 
Because  of  diffraction  the  detection  zone  can  be  extended  beyond 
the  horizon.  Since  this  phenomenon  is  connected  with  the  distortion 


i 


i 


i 
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of  the  radio  wave  propagation  trajectory,  as  is  refraction,  target 
direction  errors  are  also  possible  because  of  diffraction.  However, 
the  ability  of  'electromagnetic  waves  to  bend  around  earth's  surface 

I  4 

depends  upon  frequency  and  with  an  increase  in  frequency  this  ability 
rapidly  .lessens.  Waves  of  the  centimeter  range  have  low  diffraction 
’ability*.  Since 'modern  radars  are  predominantly  of  the  centimeter 
range,;  the  effect  of  radio  wave  diffraction  or.  direction  finding 
. accuracy  , can  be  disregarded  in  the  first  approach. 

§  5.2.  THE  EFFECT  OF  AMPLITUDE  AND  ANGULAR 
FLUCTUATIONS  IN  REFLECTED  .SIGNALS  ON  DIRECTION 
FINDING  ACCURACY  i 

f 

I 

py  fluctuations’  of  signals  reflected  from  a  target  we  mean  a 
large  group  of  interference  phenomena  which  occur  during  the  irradia¬ 
tion  of  an  object  of  complex  form  whose  dimensions  considerably 
exceed  operating  wavelength.  : 

i 

i Modern  monopulse  radars  operate  generally  in  the  centimeter 

1  i 

and  decimeter ’ranges  and  target  dimensions  can  be  hundreds  of  wave¬ 
lengths;  therefore,  the  interference  pattern  of  secondary  .target 
radiation’ is  rather,  complex  land  noticeably  changes  with  small 
variation^  in  target  positions,  generating  fluctuations  of  signals 
reflected  from  'the  target. 

i 

Detailed  studies  have  shown  that  the  fluctuations  of  reflected 
signals  can  be  divided  into  groups:  fluctuations  of  reflected 
signals  |n  amplitude  and  fluctuations  of  approach  angle.  These 
fluctuations  differ  both  in  nature  and  in  the  mechanism  of  the  effect 

'  '  I 

on  radar  instruments. 

!  .  i 

5.2..1.  The  effect  of  amplitude  fluctuations  on  direction 
finding  accuracy.  Amplitude  fluctuations  appear  in  amplitude  varia¬ 
tions  from  pulfee  to  pulse  and  are  produced  by  fluctuations  of  the 
effective  reflecting  surface  of  the  target  due  to  its  movement  in 
space  and  change  of  position  relative  to  the  radar  irradiating  it, 
and  also  by  fluctuations  in  the  atmospheric  nonhomogeneity, 
including  those  caused  by  variations  of  meteorological  conditions 

!  .  i  i  i 

on  the  path  of  radio  wave  propagation. 
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Pig.  5.5-  Fluctuations  spectrum  Pig.  5.6.  Fluctuations  spectrum 
for  signals  reflected  from  air-  for  signals  reflected  from  ship, 
craft . 


Depending  upon  the  type  of  target,  the  spectral  composition  of 
amplitude  fluctuations  can  change  considerably,  which  is  apparent, 
for  example,  from  the  standardized  spectral  densities  of  amplitude 
fluctuation  for  signals  reflected  from  an  aircraft  and  a  ship,  pre¬ 
sented  in  Pigs.  5.5  and  5.6,  respectively,  [18]. 

Since  the  monopulse  method,  in  principle,  makes  it  possible  to 
determine  angular  coordinates  with  one  pulse,  and  within  the  pulse 
there  are  no  amplitude  fluctuations,  we  might  expect  that  direction 
finding  error  in  monopulse  radars  could  not  be  affected  by  amplitude 
fluctuations  of  signals.  But  this  is  not  the  case.  Actually, 
amplitude  fluctuations  of  the  reflected  signals  have  a  disturbing 
effect  on  monopulse  radars  although  considerably  less  than  they  do 
on  radars-  with  conical  scanning  or  sequential  beam  switching. 

This  is  explained  first  by  the  fact  that  contemporary  monopulse 
radars  do  not  use  their  potential  capabilities  for  fast  action  but 
extract  the  angular  target  information  from  a  series  of  sequential 
pulses.  In  order  to  eliminate  the  effect  of  the  level  of  approaching 
signals  on  the  quantity  of  angular  error,  signals  are  standardized 
usually  with  the  aid  of  an  AGO  system  operating  on  the  sum  signal. 
Since  the  AGO  system  has  a  finite  bandwidth  and,  consequently, 
limited  high-speed  action,  signal  standardization  proceeds  with  a 


delay.  This  makes  the  error  signal,  to  a  certain  extent,  dependent 
upon  the  amplitude  of  signals  received  and  it  is  modulated  by  the 
amplitude  fluctuations  of  the  signals. 

Amplitude  modulation  components  of  the  error  signal,  with 
frequencies  lying  within  the  bandwidth  of  the  radar's  servosystem, 
inevitability  cause  an  increase  in  dynamic  direction  finding  errors. 
In  order  to  eliminate  the  effect  of  amplitude  f>  tuations  in  the 
reflected  signal  on  direction  finding  accuracy*,  U  „•  AGC  system  must 
be  fast-acting  and  capable  of,  at  least,  suppressing  amplitude 
fluctuations  whose  spectra  lie  within  the  bandwidth  of  the  servo- 
system.  However,  as  will  be  seen  later,  the  widening  of  the  half¬ 
band  of  the  AGC  system  leads  to  an  increase  in  angular  errors,  caused 
by  other  sources  and,  particularly,  angular  noise.  Therefore,  the 
selection  of  AGC  passband  is  a  compromise. 

The  effect  of  the  AGC  system  on  angular  errors  caused  by 
different  sources  is  examined  in  greater  detail  in  §  5.6. 

5.2.2.  The  effect  of  angular  fluctuations  in  reflected  signals 
on  direction  finding  and  accuracy.  By  angular  fluctuations  we  mean 
fluctuations  in  the  approach  angle  of  signals  reflected  from  the 
target  [5].  That  such  fluctuations  exist  in  the  reflected  signal 
was  established  during  the  development  and  testing  of  the  first 
monopulse  radars  [19]. 

In  subsequent  theoretical  and  experimental  works  it  was 
established  that  angular  fluctuations  of  signal  (angular  noise) 
are  generated  by  fluctuations  in  the  slope  of  the  phase  front  of 
the  wave.  Since  the  work  of  any  direction  finding  system  for  small 
targets  is  based  on  determining  the  position  of  normal  to  the  phase 
front  of  the  radio  waves,  variations  in  the  position  of  the  phase 
front  during  direction  finding  are  one  of  the  limitations  on  the 
accuracy  of  various  angle-measuring  coordinators,  including  those 
working  on  the  monopulse  method.  This  also  pertains,  to  a  certain 
extent,  to  the  case  of  direction  finding  with  extended  targets 
although,  in  this  case,  there  is  no  complete  correspondence  between 
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equisignal  direction  of  the  radar  antenna  and  the  direction  of  the 
normal  to  the  phase  front  (see  Section  5.2.3). 

The  appearance  of  angular  noise  is  connected  with  the  change 
in  the  apparent  position  of  the  target  relative  to  its  physical 
center.  The  reason  for  it  lies  in  the  multipoint  structure  of  the 
reflecting  surfaces  of  an  extended  target,  causing  the  straying 
(flickering)  of  the  reflection  center  both  within  the  geometric 
dimensions  of  the  target  and  beyond.  Considering  the  universality 
of  the  action  of  angular  noises,  let  us  pause  on  their  nature  for 
more  detail.  With  this  aim  in  mind,  we  should  examine  the  formation 
of  a  phase  front  by  a  target  consisting  of  a  set  of  reflected  points. 
For  simplicity,  in  the  beginning  let  us  examine  a  target  consisting 
of  two  isotropic  spaced  point  sources  of  signals. 

A  two-point  target  provides  a  visual  method  of  representing 
the  nature  of  angular  noises  and  gives  an  approximate  example  of 
the  form  of  such  targets  as,  for  example,  a  small  interceptor  with 
tanks  on  the  wingtip  or  a  group  of  targets  consisting  of  two  air¬ 
craft  spaced  at  an  angle  within  the  width  of  the  radar's  antenna 
radiation  pattern,  i.e.,  resolvable  with  respect  to  angle. 

The  examined  model  of  a  target  also  describes  quite  well  the 
phenomenon  observed  when  tracking  targets  at  low  elevations,  when, 
in  addition  to  the  actual  target,  the  radar  also  observes  its 
mirror  image  because  of  the  effect  of  the  earth's  surface. 

The  phase  front  of  the  wave,  as  you  know,  is  a  locus  of  points 
of  space  with  identical  phases.  Therefore,  to  find  the  phase  front 
from  a  two-point  target,  it  is  sufficient  to  find  an  expression 
defining  the  phase  of  the  resulting  signal  for  any  point  of  space 
and  equate  it  to  a  constant  quantity.  Then  the  found  equation 
determines  the  position  of  the  phase  front  relative  to  the  two-point 
signal  source. 
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Pig.  5.7.  Geometric  relationships  of  a  two-point  signal  source. 

KEY:  (1)  Source  1;  (2)  Source  2. 

With  this  aim,  let  us  assume  that  the  distance  between  point 
sources  is  L  and  the  points  are  omnidirectional  radiators  with 
fixed  phase  shift  (Pig.  5. 7).  At  a  distant  point  of  space  0  with 
polar  coordinates  R  and  ijj,  the  radiators  create  field  strength 

Ex  (t) »  Em  exp  i  Ut~  £  A  sin  A , 

V'  A  \  2  J  (5.10 

•  •  Ei  (/)  —  Emt  exp  i  4  sin  ’l'  “  (5.5) 

Phase  shift  between  these  oscillations  is  determined  by  the 
phase  angle  a  and  the  difference  of  path  L  sin  ^  depending  upon 
the  direction  to  point  of  reception.  On  Pig.  5-8  the  signals  of 
the  radiators  are  represented  in  vector  form.  The  strength  of  the 
resulting  field  can  be  expressed  as 

Hit)-  £,„o.\p  ij  >"/  -4 — **«'•]• 

(5.6) 

The  phase  angle  of  the  resulting  signal  $(i|0  relative  to  the 
reference  signal,  corresponding  to  the  direction  passing  through 
the  middle  of  the  distance  between  sources,  can  be  found  as  an 
angle  «*hose  tangent  is  equal  to  the  quotient  from  the  division  of  the 
sum  of  the  vertical  component  of  two  vectors  by  the  sum  of  their 
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horizontal  components,  i.e., 


•Ho¬ 


ards 


sin  i,  ••  1/  <!»  (<«  -r  i) 
ro<  f.  •!  co<  (%  4- 


(5.7) 


where 


Assigning  a  constant  phase  to  the  resulting  field  in  expression 
(5.6),  we  can  obtain  the  relationship  between  R  and  ip,  which  is  the 
equation  of  the  phase  front  in  polar  coordinates: 

1  (5-8) 


I 


Fig.  5.8.  Vector  diagram  of  signals  received  from  a  two-point  source. 
KEY:  (1)  Reference  line. 

When  n  »  0  the  equation  of  the  phase  front  assumes  the  form 


■i-R 


='l*  i+>. 


(5.9) 


Figure  5.9  represents  the  calculated  and  experimental  image 
of  the  phase  front  of  waves  caused  by  the  presence  of  two  point 
sources  of  signals  of  equal  magnitude  [97].  The  experimental  pattern 
of  the  phase  front  was  obtained  with  an  ultrasonic  tank  with  the 
same  relative  phases,  amplitudes,  and  distance  between  sources. 

A  comparison  of  these  diagrams  shows  that  there  is  an  almost  complete 
analogy  between  the  calculated  and  experimental  data. 
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Pig.  5.9-  Phase  front  of  wav*.-. 3  radiated  by  a  two-point  source: 
a)  calculated;  b)  experimental. 

Of  greatest  interest  is  the  slope  of  the  phase  front  of  the 
wave  formed  by  two  sources  relative  to  the  phase  front  of  the 
individual  signal  source  located  in  the  middle  between  the  sources 
studied.  The  slope  of  the  phase  front  can  be  characterized  by  the 
angle  formed  between  the  normal  to  a  given  point  of  the  phase  front 
of  a  wave  of  a  two-poir.t  signal  source  and  the  radius-vector  drawn 
from  the  center  between  sources  to  the  same  point  of  the  phase  front 
and  agreeing  with  the  normal  of  the  phase  front  of  a  single  source. 

Mathematically  this  angle  is  defined  as 


Taking  into  account  expression  (5.9),  we  obtain 


(5.10) 


'  1  \  (I®  (*) 

tg  —  R  •  2n  , 


(5.11) 


The  expression  obtained  determines  the  distortion  of  the  phase 
front  formed  by  a  two-point  signal  source  as  compared  with  the 
spherical  phase  front  peculiar  to  a  single  point  source. 
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Differentiating  (5.7)  with  respect  to  tp  and  substituting  it  in 
(5*11),  after  simple  transformations  we  obtain 


tgA^=^-cos«}»- 


1  —  a* 


I  +a*  +  2ffcos^Y-*ln<|>  +  aJ  ■  (5.12) 


where  ^  cos  ^  is  the  angle  of  source  sighting  (angle  base) 


If  A v  is  comparatively  small,  tg  A ^  2  A^  and 


A£ _ 

2^1 -f 


l -a* 


a*  -f  2 a  cos  sin  +  -f  8  J  j 


'  (5c 13) 


When  i(i  =  0,  when  the  base  of  the  sources  is  located  perpendicularly 
to  the  direction  to  reception  point,  formula  (5*13)  is  simplified: 


*  A*  1  —  a* 

4-h  “'2(1 +a54-2acos«)* 


(5. 11!) 


From  expression  (5- 1*0  it  follows  that  distortion  in  the  phase 
front  of  the  wave  caused  by  the  two-point  structure  of  the  target 
depends  upon  the  relationship  of  signal  amplitudes  and  phase  shift 
between  them  and  is  maximum  when  they  are  in  opposite  phase  (a  =  it) 
and  signal  amplitudes  (a  =  1)  are  equal. 


Generally  when  the  case  of  reflected  signals  from  a  two-point 
target  is  considered,  amplitude  and  phase  relationships  of  the  signals 
fluctuate  which  causes  a  fluctuation  in  the  slope  of  the  phase  front 
of  the  wave  reflected  from  the  target.  Variations  in  the  slope  of 
the  phase  front,  in  this  case,  are  conveniently  carried  out  by  the 
probability  method  when  the  probabilities  of  errors  exceeding  a 
certain  .level  are  determined.  For  simplicity  let  us  assume  that 
there  are  no  amplitude  fluctuations  and  the  phase  shifts  of  reflected 
signals  are  distributed  with  equal  probability  in  the  range  from 
-it  to  n. 
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Prom  the  theory  of  random  processes  we  know  [3*0  that  the 
probability  of  errors  exceeding  a  certain  level  M  is  determined 
by  expression 


p(M)=  f  W  (M)dM, 


(5.15) 


where  W(M)  is  the  probability  density  of  random  quantity  M 


M  [naKC  =  max]  is  the  maximum  possible  error. 

rl  Q  H  C 


In  this  case 


da 


(5.16) 


where  W(a)  is  the  probability  density  of  the  phase  shift  of  the  signals, 
equal  to  1/2tt  in  this  case. 


Solving  equation  (5-15)  relative  to  a,  we  find 

1—  3»-2/Vf(l  +a») 


a-=  arccos 


4aM 


(5.17) 


Hence  after  simple  transformation  we  obtain 


da 


t 


dM 


M/ +  (5.18) 
When  calculating  (5*15),  we  shall  use  the  tabular  integral 


4M  (I  -fa8) 


[17] 


where 


f— 4^  =  2a + 

jxvr  f--aiTCSm 


R  —  a,  -J-  bx  -f-  cx *. 


(5.19) 
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Substituting  the  values  a  *  -1,  b 


c  =  -H  in  (5-19), 

1  -  a 


performing  elementary  transformations,  and  taking  into  account  the 
fact  that  a31  possible  changes  in  quantity  M  lie  within  a  from  0  to 
it,  we  find 

.  / 1  4*  o1  1  —  flt\  1  _ 


L, 

I  f  .„  /!  +  «■  I-1'\ 

.  /14  a* 


(5.20) 


Analysis  of  expression  (5.19)  shows  that  Mm,u_  occurs  when 

M  a  K  C 

a  *  \r  and  is  equal  to 


^K«KC - 


I  4.4 

2  0-e)‘ 


(5.21) 


Taking  into  consideration  (5.21),  we  obtain  the  following  cal¬ 
culations  formula 


/A*\  I  1  ■  _ o» 

P  J  *“ 3r  n  (“2a  ,4aAl  J * 


(5.22) 


Figure  5*10  represents  the  probability  distribution,  calculated 
according  to  formula  (5.22),  of  a  given  deflection  of  the  phase 
front  of  a  wave  of  a  two-point  signal  source  relative  to  the  position 
of  the  spherical  front  of  the  wave  corresponding  to  the  point  force. 


Since  the  antenna  of  any  radar  reacts  to  the  phase  distribution 
of  the  electromagnetic  wave  entering  it,  the  distortion  of  the  wave’s 
phase  front  inevitability  affects  target  finding  accuracy.  The 
character  of  this  effect  will  be  determined  by  the  structure  of  the 
target  and  the  parameter  of  the  antenna  and  servosystera.  When  the 
target  is  a  point  target  or  a  small  one,  target  tracking  can  be 
identified  with  the  tracking  of  the  normal  to  the  phase  front  of 
the  wave  of  the  signals  entering  antenna  input,  and  direction  finding 
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error  will  be  determined  by  expression  (5. 11!).  In  accordance  with 
this,  if  the  frequency  spectrum  of  phase  fluctuations  in  the  signals 
received  does  not  exceed  the  bandwidth  of  t  radar  servosystem, 
which  is  the  case  when  tracking  slowly  Roving  (or  immobile)  targets, 
the  calculated  curves  in  Pig.  5.10  enabie.-us,  with  fixed  ratios  of 
signal  amplitudes,  to  determine  the  pzcbability  of  obtaining  direction 
finding  errors  exceeding  the  prefscribed  quantity.  Thus,  for  example, 
the  probability  of  angular  deviation  in  the  BSD  from  the  direction 
to  the  centers  of  the  base  of  the  sources  by  a  quantity  equal  to  the 
base,  when  a  =  0.6;  0.8  and  0.95,  is  approximately  17,  1^  and  r\%) 
respectively .  When  a  =  0.2  the  probability  of  obtaining  an  error 
exceeding  the  base  of  the  sources  is  zero. 


Pig.  5.10.  Probability  distribution  of  phase  front  error  with 
various  ratios  of  reflected  signal  Intensity. 


Table  5.2. 


a 

0,05 

' 

0.0 

0.8 

0.6 

0,4 

0,2 

o.l  ' 

2.2 

1.6 

1 

0.8 

0,6 

0,52 

0,505 

1 


If  we  know  the  law  of  probability  dens.ity  distributions  W(M.) ,. 
we  can  calculate  standard  error.  For  the  case  under  study,  table 
5.2  presents  the  calculated  dependences  of  standard  direction  finding 

errors,  standardized- with  respect  to  the  value  of  the  source  base 

* 

for  various  ratios  of  reflected  signal  amplitude  for  a  two-point  ■ 1 
target  [18], 

i 

! 

If  the  spectrum  of  phase  fluctuations  in  signals  from  a  two-  ,  .  s 

point  target  exceeds  the  bandwidth  of  the  direction  finder’s  servo- 
system,  the  error  calculation  method  changes.  In  this  case,  lVi 
seeking  the  expression  determining  the  condition  for  target  tracking, 
it  is  necessary  to  average  beforehand  the  signal  receivedin 
accordance  with  its  statistical  characteristic  and  the  time  lag  of, 
the  servosystem.  ; 

We  should  mention  that  it  is  valid  to  identify  the  bearing  with  '■ 
the  direction  of  the  normal  to  the  face  front  of  the  resulting 
reflected  signal  only  with  linearization  of  the  direction  finding 

i 

characteristic  for  the  radar.  The  latter  is  permissible  during  the 
direction  finding  of  small  and  point  targets  when  angular 'deviations 
of  the  radar  antenna  axis  from  the  direction  to  the  geometric  center? 
of  the  reflected  signals  are  small.  ■  1 

i 

< 

With  large  angular  dimensions  for  the  target  being  tracked,  it. 

is  necessary  to  take  into  account  the  actual  antenna  radiation  > 

patterns.  With  this  aim,  let  us  examine,  in  general  form,  the  direction 

finding  of  a  complex  extended  target.  1  ’ 

•  ' 

i  " 

5.2.3.  Errors  and  the  direction  finding  of  targets' o,f  complex 
form.  In  cost  practical  cases  the  target  cannot  be  Represented  in  1 
simple  geometric  form  'convenient  for  a  mathematical  description. 

I 

Therefore,  in  analyzing  the  direction  finding  errors  involved  with 
a  complex  target,  we  replace  the  actual  target  with  certain  models. 

As  such  a  model  we  usually  use  a  multipoint  target  when  thp  reflected 
signal  from  the  complex  target  is  a  collection  of  reflections, from 
a  set  of  point  targets  characterizing  the  main  reflecting  elements 
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I 


1 


i 


) 


\ 


I 


’  of  the  actual  complex  target  [38].  It  is.  assumed  that  amplitudes 
and  phases  of  signals  reflected  from  each  point  target  are  mutually 
independent.!  !  5 

1  , 

For  simplicity  let  us  examine  the  direction  finding -of  a  complex 

I  :  i 

target,  in  one  plan'e  in  static  conditions.  Let  the  complex  target 
be  §um  M  of  elementary  reflectors.  Then  the  signal  reflected  from 
the  complex  target-  is  defined  as  the  sum  of  the  signals  of  the 
'elementary  reflectors 


m 

.  E  (i)  =  £  Em  exp  i  H  +  • 


(5.23) 


.where  E  is  the ! amplitude  of  the  signal  from  the  m-th  reflector; 

1  *  : 

<j>m  is  the  phase  of  the  signal  from  the  m-th  reflector. 

,  *.  1 

In  accordance  with  this,  at  the  output  of  the  first  and  second 
antenna  channel  of  an  amplitude 'sum-difference  monopulse  system  the 
reflected  signal  of  a  complex  target  can  be  represented  by  expression 


£,'((,  8)  =  V  E„F  (8,  —  8m)  exp  i  (»/  +;?„), 


£. «.  i) =£  E,„F  (8, + 0  J  exp  i  (<°f + ? J, 

•  mts! 


(5.2*0 


(5.25) 


where  6m  i's  the  angular  position5  of  the  m-th  source  relative  to 

hquisignal  direction.! 

1  1 

Wi.th  sum-difference  signal  processing  at  the  output  of  the  sum 

1  and  difference  channels,  respectively,  we  obtain 

«••••  * 

,  '  1  M  ' 

.1  0)—  cKi(5)'-1Xpi(wf-}-9m)» 


1  m=J 


I'M. 

Ep  (t,  0}  =  -pY m  (0)  exp  i  (ti>f  <pm), 


(5.26) 


(5.27) 


1 


I 


where 


Fcw(8):=F(e0-u+m-t-U 

Fp  rn  (9) = F  (0fl  -0m)-f  (9. + Om)- 

i 

If  the  phase  detector  is  of  the  multiplying  type  and  the 
amplifier  channels  amplify  without  distortion,  the  standardized 
output  voltage  of  tne  phase  detector,  as  we  know,  is  determined 
by  expression 

Rc  Ec  (/.  8)  E*p  (/,  8)  . 

U  £c(<,  8)£*a(f,  8)  -  (5  2 

Substituting  into  (5.28)  expressions  (5.26)  and  (5.27),  we 
obtain 

M  M 

Re  £  Y  EmEnF0  m  (fl)  Ffin  (9)  exp  1  X . 

S  (0)  =  . 

.  £  £  E^EnFc  m  (fl)  F0  „  (0)  exp  i  (<*t  +  fm)  X 

">•  •  >•  . .  _ 

•  •  '  -.X  exp -»(<■>/ -I- f»)  . 

Xexp  —  i  («*  +  ?*)  ...  -  : 


MM'' 

S  Y,  w  i9*  -  e-> F 

.  —  _ _ _ _ 

—  .MM 

V  y.  £*e\.  if  (9#  —  9m)  F  (9,  —  8„)  + 

.n»— I  «=! 

_ ^  — F  (9,  *|»  8m)  F.  (9,  4*  9n)l  cos  (fm  —  f w) 

+F\Qt+9m)F(t,+  9„))cos{im  —  f„)‘  (5.29) 

Given  the  proper  approximation  of  the  antenna  radiation  patterns 
and  equating  the  enumerator  in  expression  (5.29^  bo  zero,  we  can  find 
the  condition  of  servosystem  equilibrium  with  the  reception  of  signals 
from  the  given  set  of  point  radiators  of  a  complex  target  and, 
consequently,  the  position  of  the  point  to  be  tracked  by  the  radar 
system.  Comparing  the  position  of  the  point  of  equilibrium  with  the 
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position  of  the  geometric  center  of  the  complex  target,  we  can 
determine  the  error  in  direction  finding  in  each  specific  case. 

With  small'  angular  deviation  0^,,  linearization  of  the  antenna 
pattern  is  valid' 

F  (0O  =fc  0r)  —  F  (0#)  (1  jq; 


Then  expression  (5*29),  which  defines  the  equivalent  direction 
finding  characteristic  of  the  system,  assumes  simplified  form: 


o  /a\  •  mss  I  n=l 

S  (0)  ==  aTTT 


Al "  M 

£  V  £m£„8„  cos  (9m  -  f„) 


£  ^£m  fin  COS  (9m— <f<n) 
m=t  «=l 


(5.30) 


We  can  show  that  expression  (5.30)  agrees  with  the  expression 
for  the  phase  front  of  the  resulting  wave  of  a  multipoint  target 
[21,  97].  Analysis  also  shows  [43]  that  the  equation  defining 
the  direction  finding  of  a  set  of  point  sources,  with  small  angular 
deviation,  is  identical  to  the  equation  of  the  resulting  poynting 
vector. 


In  the  general  case,  when  angular 'deviations  of  sources  are 
great  and  linearization  of  the  antenna  radiation  pattern  Is  not 
valid,  the  bearing  will  not  coincide  with  the  direction  of  the 
poynting  vector  and  the  normal  to  the  face  front.  Th->  reason  for 
this  noncorrespondence  can  be  established  by  a  comparison  of  expres¬ 
sions  (5.29)  and  (5.30),  determining  the  conditions  for  direction 
finding  in  both  examined  cases. 


When  taking  into  account  nonlinearity  of  radiation  pattern, 
as  can  be  seen  from  expression  (5.29),  equisignal  direction  is 
generally  determined  by  three  factors;  field  intensity  of  each  of 
the  sources,  position  of  sources  in  space,  and  characteristic  (pattern) 
of  antenna  directivity.  Depending  upon  the  parameters  of  the  antenna* 
radiation  pattern,  the  position  of  equisignal  direction  during  direction 
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finding  of  a  complex  target  can  vary.  This  leads  to  corresponding  '  j 


variations  in  di-reccion  finding  error,  As  for  the  position  of  the 
poyntlng  vector,  which,  can  be  determined  by  expression  (5.30),  it 
does  not  depend  upon  the  radar  antenna  radiation  pattern  and  is 
determined  only  by  the  in<-.  nsities  and  special  arrangement  of  the 
sources.  Therefore,  when  direction  finding  with  extended  targets, 
where  the  angular  dimensions  exceed  the  linear  part  of  a  direction 
finding  characteristic,  noncorrespondence  is  inevitable  between  the 
bearing  and  the  direction  of  the  poynting  vector  (normal  to  phase 
front).  Thi3  noncorrespon'dence  is.  greater,  the  greater  the  target 
dimension  and  the  narrower  the  antenna  radiation  pattern. 

Under  actual  conditions,  amplitude  and  phase' relationships  for 
signals  from  a  set  of  sources  changes  during  direction  finding  accord¬ 
ing  to  random  law,  while  generating  angular  noise  and  direction 
'finding  error  fluctuation..  The  calculation  of  errors,  in  this  case, 
should  be  performed  taking  into  account  the  spectral  composition  of 
angular  noise,  the  parameters  of  the  AGO  system,  and  the  bandwidth  of 
the  servosystem. 

Basic  conclusions  witn  respect  to  complex  target  direction 
finding  by  an  amplitude  monopulse  sum-difference  system  can  be  extended 
to  monopulse  systems  of  other  types,  as  well  as  systems  with  conical 
beam  scanning  [38]. 

Taking  into  account  the  sphericity  of  phenomena  connected  with 
the  nature  of  target  noises  and  the  importance  of  their  examination 
during  the  evaluation  of  the  accuracy  of  monopulse  radar  systems, 
we  shall  pause  briefly  on  measurement  methodology  and  target  noise 
analysis.  -1 

5.2.4.  Measurement  methodology  and  target  noise  analysis. 

Angular  noises  cannot  be  detected  by  a  simple  observation  of  reflected 
signals  from  a  target  of  complex  form  and,  in  order  to  measure  them, 
it  is  necessary  to  develop  special  methods. 

I 
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As  an  example  we  shall  examine  experimental  studies  on  fluctua¬ 
tion  in  a  signal  reflected  from  a  target,,  presented  in  reference 
[19].  The  studies  were  carried  out  with  a  modernized  pulse  radar 
of  the  Mk-50  type,  under  conditions  of  automatic  aircraft  tracking. 

The  modernization  of  the  radar  consisted  of  using  a  double  set  of 
receivers,  operating  on  one  antenna.  One  of  the  sets  was  used  for 
autotracking  in  the  passive  target  finding  mode  on  signals  from  a 
responder  beacon  installed  on  the  aircraft,  and  the  other  for  tracking 
the  target  on  reflected  signal.  The  servosys'cem  of  the  latter  set 
was  released  and  did  not  participate  in  guiding  the  antenna  to  the 
target  to  be  tracked. 

The  first  set  of  the  equipment  made  it  possible  to  measure 
rather  accurately  the  direction  to  target  under  the  condition  of 
no  angular  noise.  Fluctuations  of  error  signal  at  output  of  this 
set  wer*e  caused  only  by  the  regular  errors  of  tracking  a  virtually 
unfluctuating  signal  source.  The  second  set  had  the  capability  of 
measuring  error  signal  with  angular  and  amplitude  noises  taken  into 
account  on  the  signals  reflected  from  the  target.  By  measuring- 4 
voltages  at  error  signal  detector  output  and  subtracting  one  result 
from  the  other,  we  can  obtain  the  voltage  whose  value  is  proportional 
to  angular  error  between  directions  to  true  and  apparent  target 
position. 

Amplitude  noise  was  measured  by  recording  instantaneous-  oscil¬ 
lations  in  the  level  of  signals  reflected  from  target  relative  to 
average  level.  Since  accurate  determination  of  statistical  quantities 
necessary  in  target  noise  analysis  requires  a  very  large  amount  of 
data,  a  magnetic  record  of  errors  was  used  with  the  subsequent 
reproduction  and  processing  of  it  by  special  analyzers. 

The  block  diagram  of  the  recording  device  and  error  signal 
reproduction  is  illustrated  in  Fig.  5.11.  To  exclude  the  difficulty 
of  direct  magnetic  recording  of  subsonic  signals,  amplitude  modula¬ 
tion  by  a  higher-frequency  carrier  signal  was  used.  Recording  rate 
was  12.7  mm/s;  playback  rate.  380  mm/s. 
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Pig.  5.11.  Block  diagram  of  installation:  a)  for  recording  subsonic 
noises;  b)  for  reproducing  them. 

KEY:  (.1)  Sonic  generator  (100  Hz);  (2)  Monitor;  (3)  Subsonic  noise 
source  (0.5-10  Hz);  (4)  Amplitude  modulator;  (5)  Tape  recorder;  (6) 
Tape  recorder;  (7)  Linear  detector;  (8)  To  analyzers. 


Fig.  5.12.  Block  diagram  of  equipment  for  analyzing  noise  power 
spectrum  distribution:  1  -  main  spectral  analyzer;  2  -  integrator 
(R  *  20  kfl,  C  »  50  pF);  3  -  recorder;  4  -  cam  drive  of  analyzer  for 
linear  scan. 

KEY:  (1)  From  magnetic  recorder;  (2)  Scale. 

The  block  diagrams  of  equipment  for  analyzing  noise  power 
spectrum  distribution  and  amplitude  distribution  are  presented  in 
Figs.  5.12  and  5.13.  The  curve  at  distribution  analyzer  output 
directly  indicates  amplitude  distribution  density. 
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Pig.  5.13.  Block  diagram  of  the  installation  for  analyzing  amplitude 
distribution  (a)  and  a  sample  of  the  working  graph  (b)*.  1  -  amplitude 

distribution  analyzer;  2  -  integrator  (R  =  100  k ft,  C  =  50  uF);  3  - 
recorder. 

KEY:  (1)  Increment  of  voltage  measured  by  amplitude  distribution 

analyzer;  (2)  Direction  of  scan;  (3)  Amplitude;  (-*0  Time;  (5) 
Probability  density;  (6)  Amplitude. 


Fig.  5. 14.  Sample  of  recording  of  typical  angular  noise  spectrum 
from  aircraft. 

An  example  of  a  recording  of  the  angular  target  noises  spectrum 
is  presented  in  Fig.  5.14.  Since,  with  reproduction,  there  occurred 
a  broadening  of  the  frequency  spectrum  by  a  factor  of  30,  the  actual 
spectrum  of  noise  components  is  obtained  by  dividing  the  scale  along 
the  axis  of  abscisses  (Fig.  5.1!0  by  30.  The  jaggedness  of  the 
spectrum  is  caused  by  the  insufficiently  completed  time  integration 
of  the  reading  period  and  can  be  ignored  in  analysis.  The  spike 
at  the  end  corresponds  to  calibration  signal. 
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By  means  of  calibrating  the  radar  station,  voltage  at  detector 
output  can  be  expressed  in  quantities  of  linear  target  tracking 
error.  In  Fig.  5.1^,  along  the  axis  of  ordinates  are  the  mean  values 
of  noise  (expressed  in  linear  units  of  direction  finding  error) 
obtained  at  output  of  the  analyzer  with  bandwidth  4  Hz. 


(2)  OuittSM  cofysoSo^dsututyH 


Fig.  5.15.  Probability  distribution  of  noise  amplitudes  plotted 
according  to  data  on  angular  target  noises. 

KEY:  (1)  Probability  density}  (2)  Tracking  error,  in. 

Interpretation  of  the  curves  of  angular  noise  amplitude  distri¬ 
bution  is  relatively  simple.  Plotted  in  units  of  linear  errors, 
the  angular  noise  amplitude  distribution  curve  enables  us  to  evaluate 
the  possibility  of  deviation  in  equisignal  direction  beyond  the  physical 
dimensions  of  the  target  (Fig.  5.15).  As  a  result  of  experimental 
studies  it  has  been  established  that  the  scattering  of  radio  waves 
by  the  target  from  two  reflectors,  in  a  number  of  cases,  causes  a 
deviation  of  apparent  position  toward  actual  position  at  a  distance 
several  times  exceeding  target  dimensions. 

t 

§5.3.  THE  EFFECT  OF  INTERNAL  RECEIVER  NOISES 
ON  DIRECTION  FINDING  ACCURACY 

The  nature  of  Internal  noises  is  varied.  The  main  reasons  for 
their  occurrence  include  thermal  noises  connected  with  the  chaotic 


w 


» 


* 


motion  of  electrons  in  conductors  at  temperatures  .not  equal  to  i 

absolute  zero,  the  shot  effect  caused  by  the  random  character  of  j 

the  arrival  of  electrons  at  the  anode  (grid)  of  electronic  tubes  I 

and  the  passage  of  the  barrier  layer  in  semiconductors,  and  the  I 

t 

flicker  effect  caused  by  the  nonuniformity  of  electron  emission  in  j 

electronic  and  semiconductor  instruments.  j 

i 

Because  of  their  nature,  noises  always  occur  in  a  receiver 
and  potentially  represent  the  natural  sensitivity  boundary  and  the 
achievable  measurement  accuracy.  Being  amplified  along  with  the 
useful  signal,  noises,  to  the  same  extent,  disturb  the  structure  of 
the  error  signal,  cause  fluctuation  in  it,  and  determine  the  zone  of 
system  insensitivity  to  the  measured  parameter. 

In  order  to  establish  the  character  of  the  effect  of  internal 
receiver  noises  on  direction  finding  accuracy,  we  shall  examine 
an  amplitude  sum-difference  monopulse  system.  In  the  examination 
we  shall  limit  ourselves  to  the  case  of  direction  finding  in  one 
plane  by  a  system  with  identical  receiving  channels.  Because  of  the 
independence  of  errors  in  the  receiving  channel,  such  an  examination 
enables  us  to  judge  errors  in  two  planes  of  direction  finding.  Taking 
into  account  the  allowances. made,  the  signals  at  i-f  amplifier  output 
of  the  sum  and  difference  channels,  with  accuracy  up  to  the  constant 
coefficient,  can  be  presented  in  the  accepted  designations  in  the 
form  of  the  following  expressions: 


„c (/,  0)  =  V2KEmF (Oo) COS ®Bpf  +  “rn c (<%  ,c 

•*S  , 

Up  (/,  0)  =  2  kEJF  (0o)  jtO  cos  a>Dpf  -f-  «o  p  (0*  (5.32) 

where  u  (t),  u  (t)  are  noise  voltages  at  i-f  amplifier  output  of 
uj  c  tup 

the  sum  and  difference  channels. 

When  a  monopulse  radar  is  operating  in  target  tracking  mode, 
the  signal/noise  ratio  in  the  receiver  is  usually  much  greater  than 
one  and  the  displacement  angle  is  small.  This  makes  it  possible  to 
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disregard  the  effect  of  noises  in  the  sum  channel.  Then  expressions 
(5.31)  and  (5.32)  can  .be  rewritten  in  the  form 

Mq  ( t ,  6) = kE  cos 

Up  (/,  d) = kE^  cos  -j-  Uul  p{t),  (5.33) 

where 

.  £=)/2£MF(8,). 

(5.31*) 

Error  signal  voltage  at  the  output  of  a  multiplication-type 
phase  detector  without  taking  into  account  standardization  with 
respect  to  sum  signal  and  taking  into  account  the  filtration  of  the 
high-frequency  components,  with  accuracy  up  to  the  constant  "component, 
is  defined  as 


S  (6) = ~  + xEum  p  (0  cos  <oup*. 


(5.35) 


The  first  term  of  the  obtained  expression  is  the  useful  com¬ 
ponent  determining  the  displacement  angle  of  the  target  relative 
to  equisignal  direction  of  the  antenna.  The  second  term  determines 
the  interference  caused  by  the  presence  of  internal  noises  in  the 
difference  channel  of  the  receiver.  Obviously  the  noise  component 
of  the  error  signal  is  created  only  by  those  frequency  components 
of  the  np.lse  spectrum  which  are  grouped  near  the  i-f  amplifier 
tuning  frequency  and  do  not  differ  in  frequency  more  than  the  band¬ 
width  of  the  servosystem. 


For  a  quantitative  evaluation  of  this  component  let  us  find 
the  spectral  density  of  the  error  signal  determined  by  the  second 
term,  <5. 35),.  We  shall  use  the  method  ibased  on  determining  the 
correlation  function  wf  the  noise  component  of  the  error  signal 


[18] 


R  (x)  =  um  p  (t)  Uta  p  (t  -j-  x)  cos  cQop/  cos  u>op  (f-f-'i)  = 

2 


—  5 —  Ran  (*)  COS  «n pX, 


(5.36) 
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where  R  (?)  is  the  correlation  function  of  the  internal  noises  of 
the  difference  channel  at  i-f  amplifier  output. 

As  we  know,  Rn4(T)  can  be  presented  in  the  form 

(t)  —  r  (%)  COS  anpt, 

(5.37) 


where  r(t)  is  a  slowly  changing  function  whose  character  is  determined 
by  the  width  and  the  form  of  the  frequency  characteristic  of  the 
i-f  amplifier. 


Substituting  (5.37)  into  (5*36)  and  taking  into  account  the 
filtering  of  the  frequency  component  2wnp  a'c  phase  detector  output, 

we  obtain  \ 

*  1  ,  • 


R(x)^±K'E*r( t).  * 

%  (5.38) 


Hence  we  can  find  the  dispersion  of  error  signal  fluctuations 
at  phase  detector  output 


,.=  *(O)=4k.£V0».  (5.39) 

Since  r(0)  is  the  dispersion  of  noise  voltage  at  i-f  amplifier 
output,  then 

(5.^0) 

where  Af  is  the  effective  bandwidth  of  the  i-f  amplifier; 

>  S^  is  the  spectral  power  density  of  noises  at  i-f  amplifier 
input. 

At  output  of  the  phase  detector,  in  an  automatic  target  tracking 
radar,  taking  into  account  standardization  during  an  ideally  operating 
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AGC  or  at  standardisation  circuit  output  in  surveillance  radars 
(with  the  same  m)  we  can,  write 


Jt  „  Smlj 

*  *  (5.4.1) 

Then  it  reduces  to  finding  the  power  spectrum  of  the  fluctuation 
in  the  bandwidth  of  the  servosystem  of  an  automatic  tracking  radar 
or  in  the  band  of  .the  smoothing  filter  (the  device  for  secondary 
information  processing)  of  a  surveillance  radar. 


Prom  the  theory  of  random  processes  we  know  that  with  noise 
amplitude  modulation  the  power  spectrum  of  the  process  has  the 
same  form  as  the  spectrum  of  a  single  pulse,  but  its  intensity  is 
proportional  to  the  dispersion  of  noises  and  the  pulse  repetition 
frequency 


0  <“)=-£- 1  I*0-* 

where  g(w)  is  the  spectrum  of  a  single  pulse; 
Tn  is  the  pulse  repetition  period. 


(5.42) 


If  we  assume  that  the  phase  detector  operates  on  the  principle 
of  the  so-called  key  peak  detector  when  voltage  at  Its  output  during 
each  pulse  repetition  period  is  established  practically  instantaneously 
equal  to  the  maximum  value  of  input  voltage  and  is  then  maintained 
unchanged  to  the  end  of  the  repetition  period,  after  which  it  abruptly 
drops  to  zero;  then  the  output  voltage  of  the  phase  detector  will 
have  the  form  of  a  pulse  with  a  length  equal  to  the  pulse  repetition 
period  and  its  spectrum  can  be  expressed  as 


g(<o)=^Tn 


(5.43) 


Hence  the  power  spectrum  of  the  fluctuations  of  output  error 


voltage 


c(»)= 24  r. 


sin 


«rB 

2 


(5.44) 
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Since  the  servosystem  is  narrow-band,  random  error  will  be 
caused  by  only  those  components  of  the  fluctuation  spectrum  which 
adjoin  zero  frequency.  In  this  case, 


0(0)=*:  2a2  7V 


(5.45) 


Finding  the  spectral  density  of  error  signal  fluctuations,  we 
can  find  the  average  value  of  direction  finding  error  caused  by  the 
effect  of  internal  receiver  noises  according  to  formula 


j/G^AFcc,  •' 


(5.46) 


where  AF  is  the  equivalent  bandwidth  of  the  servosystem  or  the 

G  C 

smoothing  filter. 

Substituting  into  (5.46)  expressions  (5-41)  and  (5.45)  and 
performing  simple  transformations,  we  obtain 


-  1  _ L _ ,  ' 

-v-V  Pc P 

7C 


(5*4?) 


where  P  =  S  AfAF„  „  is  the  power  of  noises  in  the  band  of  the 
UJ  uj  c  c 

servosystem; 


3  -  k2E2 

cp  ~  2T 


is  the  average  power  of  the  signal  at  receiver  output. 


As  is  apparent  from,  the  expression  presented,  the  value  of 
standard  error  caused  by  the  effect  of  internal  noises  is  Inversely 
proportional  to  the  steepness  of  the  direction  finding  characteristic 
and  the  signal/noise,  ratio  at  receive.r  output. 


For  a  monopulse  system  with  amplitude  direction  finding,  as 
shown  in  Chapter  2,  intersection  of  radiation  patterns  at  the  half¬ 
power  level  is  optimal,  i.e.,  whrn0Q  =  0q  ^/2. 


2 


In  tfci.s-  case,  u  ?  1/0Q  and 


^  0»5J,(| 

»  -»  y  ~671" 


'(5.  48) 


We  should  mention  that  internal  receiver  noises  include  the5 
category  of  not  fully  removable  factors  which  impair  the  processing 
of  signals  received  and  represent  a  natural  barrier  to  Improving 
direction  finding  accuracy.  Therefore,  angular  errors  caused  by 

1  i 

internal  receiver  noises  determine  the  maximiim  possible  accuracy  • 
of 'angular  measurement  radar  systems.  With  high  signal/noise  ratios 
expression  (5. 48)  determines  the  potential  accuracy  , of  directiop 
finding  in  a  monopulse  system.  With  the  purpose  of  establishing  ' 
the  connection  between  maximum  accuracy  and  the  bandwidth  of  the’^ 
receiver  and  servosystem,  we  shall  transform  ratio  P  /  taking  into 

•  Cp  111 

account  the  radar  radiation  mode.  ■  1 


With  pulsed  radiation  this  ratio  is 


Pet  _  Pnlf*bf 

Pm  “ 


(5.49) 


where  r  is  the  pulse  power  of  the  signal  at  receiver  input-; 

M  4 


t  is  pulse  duration; 
f  is  pulse  repetition  frequency. 


■*(  '!*'* 


Since  the  receiving  system  is  matched  and  xAf  ~  ly  Whil‘d  ' 

p  s  S  Af  is  the  power  of  the  noise  in  the  receiver  bandwidth”, 
m  n  '  » 

expression  (5*49)  is  transformed  to 


Pc?  ___Pl__Isl-, 
Pu  Pm  ■  • 


(5.50) 


Ratio  fn/AFc  2 
signal  received. 


is  the  number  of  integrated  pulses  of  th? 


i 


i "  '■‘wvV/Kir'*  yjS/*  - 

"  'i  '  %<  •' 
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When-  the  radar  is  operating  in  icontinuous  radiation  mode 


PeP _ •  ;  Pf.9  •  ' 

Pin  P bj.iiA/-' e  « 


(5.51), 


Consequently, 


(5.52) 


•  3  ■ 

/Pl\f  B  *  V  1 

>s — -tf-  is  for  a  pulsed  radar  and  ' 

Pm v&r e  o  ^  v 


«  Hu. =  2 


Pm^Fat 


is  for  a  continuous  radar. 


i  >  Obviously,  the  higher  the  coefficient  the  higher  the  maximum 
direction;  finding  accuracy  of  the  radar  system. 

i  '  <  t  i 

*  ,  i  1* 

•  We  should  mention  that  the  effect  of  internal  receiver  noises 
'  on  direction  finding  accuracy  in  monqpulse  radars  and  radars  with 
conical  scanning  is  sqmewhat  different.  IJhis  was  explained  by  the 
quantitative  difference  of  the  receiver  noises,  penetrating  the  serve- 
system  bandw'idth  and  the  design  of  a  different  antenna  system.  In 
a  monopulse  system  where  the  signals  received  are  not  artificially 
modulated,  from  the  receiver  noise  'spectrum  only  those  of  frequency 
components  affect  the  servosystiem,  which  appear  within  its  doubled 
i  bandwidth,  located  symmetrically  relative  to  each  frequency  component 
of  the  received  signal  spectrum  (Pig.  5*16). 


In  direction  finding  systems  with  conical  scanning  the  signals 
received  are  modulated  with  respect  to  amplitude  with  the  scanning 
frequency,  andithe  doubled  pass  bands  of  the  servosystem,  which 

i 

determine  the  parts  of  the  noise  spectrum  which  will  affect  the 
servosystem,-  are  located  on  both  sides  of  each  frequency  component 
of ‘the  received  signals  at  the  distance  of  the  scanning  frequency 
‘(Pig!  5.17).  As  a  resuit,  in  systems  with  conical  scanning,  as  com¬ 
pared  with  a  monopulse  system,  there  is  a  doubling  of  the  equivalent 


i 
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bandwidth  of  the  servosystem  with  respect  to  the  internal  receiver 
ndises  affecting  it  and,  with  identical  values  for  the  signal/noise 
ratio  in  the  i-f  amplifier  and  identical  bandwidth  of  the  servosystem 
the  power  of  noise  at  servosystem-  output  for  a  radar  with  conical 
beam  scanning  will  be  twice  as  great  as  in  a'  monopulse  radar.  There¬ 
fore,  maximum  accuracy  of  a  monopulse  radar  is  higher  than  it  is 
for  a  radar  with  conical  scanning. 

*umut 


Fig.  5.16.  Passage  of  signal  and  noise  in  monopulse  radar:  a) 
elements  of  the  spectrum  of  signal  and  noise;  b)  servosystem  band¬ 
width. 

KEY:  (1)  Signal  spectral  lines;  (2)  Noise. 


(l)  OctoUtmf  cncxmpanHUC 


Fig.  5.17.  Passage  of  signal  and  noise  in  radar  with  conical 
scanning:  a)  elements  of  spectrum  of  signal  and  noise;  b)  bandwidth 
of  servosystem. 

.KEY :  (1)  Main  signal  spectral  lines;  (2)  Side  bands  caused  by  scan¬ 

ning;  (3)  Noise. 
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The  advantages  of  monopulse  radars  with  respect  to  the  effect 
of  internal  receiver  noises  on  direction  finding  accuracy  are  als<.. 
due  to  the  fact  that  in  the  tracking  process  the  target  is  irradiated 
by  the  maximum  radiation  pattern  and  signal  losses  due  to  nonagree- 
mer.t  of  the  radiation  pattern  with  the  antenna  axis,  which  occurs 
in  radars  with  conical  scanning,  are  virtually  absent.  This  provides 
in  the  receiving  channel  of  a  monopulse  system  a  higher  signal/noise 
ratio  than  in  systems  with  conical  scanning. 


Taking  into  account  the  higher  steepness  of  the  direction  finding 
characteristic  and  the  above  listed  factors  enables  us  to  evaluate 
the  power  advantage  of  a  monopulse  system  with  respect  to  internal 
receiver  noises  during  target  tracking  from  a  reflected  signal  of 
5.2  dt  [i|]. 


Fig.  5.18.  The  dependence  of  error  in  automatic  tracking  on  the 
gating  factor. 

At  great  distances  the  signal/noise  ratio  is  too  low  for  normal 
target  tracking  and  then  target  losses  are  possible.  Because  of 
this,  the  quality  of  receiver  operation,  in  certain  cases,  is  evaluated 
in  terms  of  the  loss  norm,  by  which  we  mean  the  frequency  (number 
of  times  per  second)  with  which  tracking  error  exceeds  the  maximum 
allowable  value  [M], 


In  deriving  formula  (5.^8);  we  assumed  the  presence  of  ideal 
gating. when  noises  act  only  during  the  reception  of  the  useful 
signal.  If  this  is.-,  the  case  and  the  gating  duration  exceeds  signal 
pulse  duration,  average  errors  increase i  Figure  5.18  presents 
a  graph  showing  the  dependence  of  tracking-  error  on  gating  factor 
[18],  by  which  we  mean  the  ratio,  of  selected  pulse  duration  to  signal 
pulse  duration.  As  is  apparent  from  the  figure,  ah  Increase  in  the 
gating  factor  can  lead  to  a  considerable  increase  in-  tracking  errors. 
This  method  of  evaluating  tracking  errors,  valid  when  Pc/Pm  »  1> 
can  be  used  also  for  evaluating  other  types  of  monopulse  systems. 
Analysis  shows  that  tracking  errors  caused  by  the  effect  of  internal 
receiving  noises  are  of  the  same  order  for  both  phase  and  amplitude 
moriopulse  methods  of  direction  finding. 

Let  us  examine  the  effect  of  internal  receiver  noises  on  direction 
finding  accuracy  in  monopulse  radars  with  a  phased  antenna  array, 
which  occupies  a  rather  unique  position  in  the  family  of  monopulse 
direction  finders  because  of  the  multichannel  structure  of  the  angle- 
data  transmitter. 

§  5.H.  ERRORS  CAUSED  BY  RECEIVER  NOISES  IN 
MONOPULSE  RADARS  WITH  PHASED  ANTENNA  ARRAY 

In  our  examination  of  errors  in  determining  angular  coordinates, 
caused  by  receiver  noises  in  radars  with  phased  antenna  array,  we 
shall  assume  that  a  plane  wave  falls  on  a  linear  array  at  angle  0^ 
to  its  axis  and  at  the  output  of  each  array  element  (Fig.  2.22) 
an  amplifier  is  installed  [6].  Then  voltage  at  amplifier  output 
in  the  k-th  channel  can  be  represented  in  the  form  ■ 


.  ut  =  En  COS  (»/  -}-  ?on  +  +  nK » 


(5.53) 


where  $  is  the  reference  phase; 
on 

A<j>  is  the  phase  difference  in  mixed  channels 

A?  =  -^S-tos6p, 

nk  is  the  noise  in  the  k-th  channel. 


■'‘-We  shall  assume  that  reference  phase  d>  is  unknown  and  noises 

Ton 

in  channels  are  independent,  no^ma^Lly  distributed,  and  can  be  written 
in  the  form 

» * 

nw  =?  xK  cos  at  ■  \*yK  sin  ®f ; 

'  -  . . ~  "  ~  (5.54) 


where  x^  and  yk  .is  the  quadrature  in  the  k-th  channel. 

-  -  T  T  T  2 

Average  value  of  xk  =  yk  =  0,  and  xk  K  ^k  =  nk  = 

The  ratio  of  signal  power  to  noise  in  each  channel  will  be 


(5.55) 


Under  these  conditions  we  find  the  difference  phase  A(J>  measure¬ 
ment  error,  according  to  which  it  is  easy  to  find  the  angle  value 
6„  determination  error.  Let  there  be  a  series  of  readings  uw  obtains 
as  a  result  of  the  instantaneous  measurement  of  voltages  at  output 
N  of  array  channels.  If  to  calculate  measurement  error  A<J>  we  use 
the  theory  of  mathematical  statistics  and  designate  the  approximate 
value  of  A<|>  in  terms  of  A<J>* ,  then  for  an  antenna  array  having  one 
beam  the  minimum  value  of  variance  for  the  quantity  A<|>  *  is  determined 
by  expression  [6] 


✓ 


(5.56) 


Error  is  calculated  on  an  example  of  a  monopulse  system  with 
amplitude  direction  finding.  In  such  systems  the  antenna. array 
forms  two  beams,  as  shown  in  Pig.  2.23.  In  order  to  distinguish 


angular  information,  two  sum  signals  u. 

<PX 


and  u.  are  detected  and 


then  subtracted. 


Sum  voltage  for  each  beam  can  be  written  in  the  form 


H 

=  Y  COS  (at 4  ?on  4  *  A*  4  «??)+ 

•f^cos  (at  4  «8f )  4  yg  sill  ((it  4-  K&p)] , 

«*=£  [£»  COS  (tit  +  ?on  4  *  A?  -  *S?)4 
«=! 

4^  COS  (at  —  K&?)  +  yk  sin  («/  ~m)U 


where  54>  is  the  phase  increment  necessary  for  the  beam  to  be  displaced 
by  angle  0Q. 

Under  the  condition  of  preserving  information  about  relative 
phases  of  noises,  the  sum  voltages  can  be  presented  in  the  form: 


utt  =  Ax  cos  at  Bt  sin otf, 


(5.59) 


«*, = A,  cos  at  4  B.siv.  +t, 


(5.60) 


where 


H 

4  =  2  (£■,»  COS  (?on  4  Kbf  4  *®?)4  •*,  COS  Kty  4  y,sin«  Apl, 

rwl 

N 

5,  =  V  [—  E„,  sin  (?ob4  kA?+kZ?)  —  (5.61) 

rail 


— x%  sin  nhf  4^  cos  fcZf ), 


(5.62) 


4=2  {£„. cos (?OK 4 K^f — Kif) 4 XK 008 —^sih frtf], 

r=l  .  • 


(5.63) 
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(5.64) 


Bt=fi  (- ftn Silicon + 

*=rl 

•\~xK  sin  #8< p +l/,cos  *^Pl* 


Let  us  examine  square-law  and  linear  detection, 
square-law  detectors  we  shall  have 


p?  ==i4  J  '-M*? ;  P2  -W?  • 


At  output  of 


(5.65) 


After  subtraction  we  obtain 


2  2 

Po  =  P|  — P2  « 


(5.66) 


Standard  measurement  error  A^  depends  upon  standard  error  ap 

in  determining  pQ,  caused  by  noise,  and  derivative  pQ  with  respect 
to  A<J>  in  the  absence  of  noises,  i.e. 


,  dpj/iuf 


(5.67) 


With  the  substitution  into  equation  (5.66)  of  the  corresponding 
values  determined  by  expressions  (5.6l)-(5.65) ,  without  taking 
noises  into  account,  we  obtain 


.  [.1*4 

p.=d— r 

L®  n*  ~2~ 


(Af  -f  if)  Sin*  (A?  *“ 


n*“2"(Ay  +  i?)  sln*~2 


f-(A?~«f) 
4-(Af— if) 


(5.68) 


Differentiating  equation  (5.68)  with  respect  to  A<J>,  we  obtain 
in  equisignal  direction 


</p« 

rfA?  49=o 


Bl  [ N  sin  (Nif)  sin’  ~  S,B  4»  s,n*  (ir)  ] 


(5.69) 
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Variance  of  error  in  determining  pQ,  caused  by  noises,  is 
determined  by  expression 


«„=&. -cj*- 


(5.70) 


With  a  large  signal/noise  ratio  this  variance  will  be  [6] 


I  - 


[ 


AN  sin*  sin  8 f  +  sin  (2/V8*)  -  2  sin  (Ntf) 


sin 


8f*ln*^J 


(5.71) 


Substituting  the  obtained  values  of  and 


dpQ 

dA4> 


into  formula 


(5.67)  and  disregarding  quantities  of  the  second  order,  we  obtain 


F®L. 

IFfY  • 


(5.72) 


where  ip  3  N6<|> 


4+ sin* 


2 


-f-sln2+  —  2sln  + 


(5.73) 


Prom  formula  (5-73)  it  is  apparent  that  function  F(ijO  depends 
upon  the  phase  6$  determining  beam  displacement  by  angle  0q  from 
equisignal  direction.  When  ~  n  the  patterns  will  be  intersected 
at  the  half-power  level.  Prom  the  graph  of  function  F(<J0  presented 
in  Pig.  5.19  it  follows  that  with  a  variation  in  ip  from  0  to  it 
angular  coordinate  measurement  error  does  not  depend  upon  displacement 
angle  0Q.  With  an  increase  in  displacement  angle  more  than  a  half¬ 
width  of  the  radiation  pattern,  this  error  will  rise. 


With  beam  displacement  angle  composing  less  than  a  halfwidth 
of  the  radiation  pattern,  F(if>)  3  24  and,  consequently,  can  be  written 
(with  large  N) 
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* 


>4 


With  small  N  the 


quantity  o 


2 

A<j> 


1 


is  determined  by  formula  (5.56). 


With  linear  detection  and  large  signal/noise  ratio  variance 
of  the  error  in  determining  A<|>2,  obtained  similarly,  is  also 


determined  by  formula  (5.s72); 


Pig.  5.19.  Graph  of  function  F(i|>). 
KEY :  ( 1 )  ip,  rad . 


§5.5.  SUM  ERROR  IN  DIRECTION  FINDING  CAUSED 
BY  THE  EFFECT  OF  TARGET  AND  RECEIVER  NOISES 

In  order  to  present  the  overall  character  of  the  angular  error 
components  in  a  direction  finding  system,  caused  by  different  kinds 
of  noises,  qualitative  dependences  of  relative  values  of  errors 
of  these  components  on  relative  distance  to  target  are  presented  in 
Fig.  5.20  [19].  The  position  of  the  curve  depends  on  many  parameters 
and  characteristics  of  specific  radars  and  targets.  The  curves 
correspond  to  the  typical  case  of  a  tracking  radar.  As  is  seen  from 
the  figure,  only  errors  from  angular  noises  and  receiver  noises 
depend  upon  range;  the  effect  of  receiver  noises  grows  in  pro¬ 
portion  to  the  square  of  the  distance  to  target  up  to  the  point  at 
which  receiver  amplification  becomes  maximum  (saturation  sets  in). 

Amplitude  noises  represent  the  amplitude  of  signal  modulation 
relative  to  its  midlevel;  therefore,  angular  errors  caused  by  them 
do  not  depend  upon  distance  to  target  if  in  the  receiver  circuit 
an  AGC  system  is  provided  which  maintains  the  midlevel  of  the  received 
signal  constant  in  a  wide  dynamic  range  of  input  signals. 
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•  (2)  OniHOCume/Utitast  da/twocm 

Pig.  5*20.  Dependence  of  standard  errors  in  automatic  tracking  on 
target  range:  1  -  sum  error  of  radar  with  conical  scanning  (a) 
and  monopulse  radar  (b);  2  -  errors  from  amplitude  fluctuations;  3  - 
errors  of  servosystem;  4  -  errors  from  displacement  of  reflection 
center;  5  -  errors  from  receiver  noises. 

KEY:  (1)  Relative  value  of  standard  error;  (2)  Relative  range. 

Angular  noises  are  functions  of  the  angular  dimension  of  the 
target  and  the  direction  finding  errors  caused  by  them  change  in 
inverse  proportion  to  distance. 

In  addition  to  these  noises,  there  are  also  servosystem  noises 
caused  by  the  presence  of  zones  of  insensitivity,  play  and  friction 
in  the  electrokinematlc  links  of  the  antenna  control  mechanism, 
zero  drii'T-  of  the  d-c  amplifiers,  unbalance  in  the  circuits  of  the 
drive  amplifiers,  etc.  The  value  of  angular  errors  caused  by  servo¬ 
system  noises  depends  neither  upon  the  character  of  the  target  nor 
upon  range,  but  is  wholly  determined  by  the  design  peculiarities 
of  the  system,  the  class  of  accuracy  of  mechanisms  being  used,  and 
the  operational  stability  of  the  corresponding  electronic  circuits. 

Sum  error  in  radar  direction  finding  can  be  defined  as  the 
mean-square  value  of  all  the  mutually  independent  errors.  Figure 
5.20  presents  the  resulting  dependence  of  angu!>.?.r  error  on  range  - 

for  a  radar  with  conical  beam  scanning  (a)  and  a  monopulse  type 
radar,  for  comparison,  on  the  /issumption  that  amplitude  noises 
exceed  servosystem  noises  (b).  If  the  reverse,  relationship  is 
valid,  the  advantage  of  a  monopulse  system  over  systems  with  an 
equlsignal  zone  becomes  insignificant.  * 
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1 

i 

These,  dependences  show  that  at  short  ranges  to  target  the  angular  j 
noise  is  the  determining  factor  in  automatic  tracking  irror.  At  | 

medium  ranges  angular  errors  are  mainly  caused  by  the  fluctuations  j 

in  reflected  signal  amplitude  and  servosystem  errors.  With  long  \ 

ranges  the  predominating  influence  on  automatic  tracking  error  is  j 

internal  receiver  noise.  .  j 

§  5.6.  EFFECT  OF  AUTOMATIC  GAIN  CONTROL  ON  DIRECTION  j 

FINDING  ACCURACY  j 

ti 

t 

The  target,  being  tracked  by  the  radar  performs  the  function  of  j 

an  element  of  a  closed  tracking  circuit;  therefore,  any  changes  in 
the  amplitude  of  a  signal  reflected  from  the  target  can  be  considered 
a  change  ir.  the  amplification  of  such  a  closed  circuit,  which,  in 
turn,  can  directly  affect  target  coordinate  measurement  accuracy. 

Thus,  the  automatic  gain  control  system  of  the  receiver,  designed 
to  keep  the  amplification  of  the  entire  tracking  circuit  constant 
with  the  necessary  accuracy,  is  of  great  value.  Slow-acting  and 
fast-acting  AGC  systems  differ  in  character. 

With  a  slow-acting  AGC  system  in  the  tracking  circuit  there  is 
maintained  a  constant  average  amplification.  In  this  case,  the  AGC 
does  not  react  to  fast  changes  in  the  level  of  reflected  signal, 
because  of  which  rapid  signal  amplitude  fluctuations  still  have  their 
effect  on  the  amplification  of  the  closed  tracking  circuit  and  the 
error  signal  fluctuations  caused  by  this.  A  fast-acting  AGC  system 
reacts  to  mosc  of  the  amplitude  fluctuations  and  the  reflected  signal 
and  keeps  the  tracking  circuit  amplification  constant  within  a  wide 
variation  of  reflected  signal  level. 

The  effect  of  the  character  of  the  AGC  system  on  direction 
finding  accuracy  is  examined  as  an  example  of  an  amplitude  sum- 
difference  monopulse  system.  We  shall  limit  ourselves  to  the  case 
of  direction  finding  in  one  plane  with  errors  not  exceeding  the 
linear  part  of  the  direction  finding  characteristic. 
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Earlier  it  was  shown  that  the  signal  reflected  from  a  complex 
target  car.  be  represented  as  a  sum  of  signals  M  of  the  elementary 
reflectors  forming  the  target: 

M 

£(0=  V  exp  «  («*+?»<)• 

«= i  ‘  '  (5.75) 

In  accordance  with  this,  the  signals  received  by  the  first  and 
second  channels  of  an  amplitude  monopulse  system  can  be  expressed 
in  the  following  manner: 

M 

£,(/,* 0)=  £  -  6m)expiH+<?m), 

m~l 

(/,  6)=  £  Em/7  (6,  +  0?rt)  exp  i  («/  -f  ?m)» 

msl 

where  with  the  approximation  taken 


(5.76) 

(5.77) 


/7(6#-fi,„)=/7(89)(l+j*0m), 

F  (0.  +  M =  f  (8^.(1  -|iOw). 


Angular  position  of  the  m-th  reflector  0m  relative  to  the 
ESD  of  the  direction  finder’s  antenna  can  be  represented  in  the 
form  of  a  vector  sum  (Fig.  5.21) 


8m  — 6  + At  V 


(5.78) 


where  6  is  the  angular  position  of  the  center  of  the  target  relative 

to  the  ESD; 

■+ 

A6m  is  the  angular  position  of  the  m-th  reflector  relative  to 
the  center  of  the  target. 

For  the  direction  finding  plane  under  examination  6m  can  be 
expressed  in  terms  of  an  algebraic  sum  of  the  projections  of  the 
corresponding  angles  to  this  plane 
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0m=  -r— 6-f- 


(5-79) 


Pig.  5.21.  Model  of  target. 

Substituting  (5-79)  into  expressions  (5.76),  and  (5.77)  and  making 
che  simplification  F(0q)  =  1,  we  obt?Hn 

Et(t.  0)  =  y  [\  +jt(-0+A6m)]  Hfnexpj(cD/+?n,)= 

m=! 

■ss.  (1  —  ji6)  E  (0  4"  ^yta  (0  *  ( 5 . 8o ) 

£,  (*,  0)  =  V  [1  — 1*.( — 8-f-  A0m)]  Em  exp  i  («>/  +  ?«•)  = 

m*rl  . 

=  (1  r}“ l1®)  E (0  —  ^yra(0»  (5.8l) 

where 

Ey  qi  (/)  =  £  i*A0,„ £ exp  i  (mt  +?,„)  =  i?yra  exp  i  («/  + 

m=l 

M 

£(0  =  V  £„,  exp  i  («?  ?m)  =f  ^  exp  i  (®/  -j"  <f), 

.  • 


where  E,  Ey  ^  are  the  resulting  signal  amplitudes; 
<p,  $  are  the  resulting  signal  phases. 
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It  is  easy  to  see  that  the  first  terms  contain  useful  informa¬ 
tion  on  the  deviation  of  target  center  relative  to  E’SD  while  the 
second  are  related  to  the  finite  dimensions ! of  the  target  and  are 
interfering  components  (angular  noise).  With  slow  variation  inithe 
mutual  position  of  the  radar  as  a  target  and  relatively  high  M, 
the  processes  E(t)  and  Ey  m(t)  can  be  considered  stationary  norpal 
processes  [21]  and  .  i 

. 

£(0iW/)=o.  ‘  ! 


Disregarding  the  effect  of  internal  receiver  noises  at  the  , 
input  of  the  sum  and  difference  channels,  taking  'into  account  (5*80) 
and  (5.81),  we  obtain  ■■■  . ' 

9  i 

Ee(tJ)=\/2  £(t),  ,  '  :  (5.82): 


i&p^0)=Vr2  ME(t)-£\m(t)):  . 


(5* ‘83) 


Further  processing  of  signals  is  carried  out  with  'respect  to  two 
types  of  AGO  systems:  inertialess  and  inertial. 

:  i 

%  i 

With  inertialess  (instantaneous)  gain  control  systems  \he 
standardizing  signal  can  be  represented  as-  • 


Ea  py  =  n  ^CKAPV» 


'(5.8H) 


where  k  is  the  transmission  factor  of  the  sum  channel; 

C  i  1 

kflriw  is  the  transmission  factor  of  th'e  AGO  circuit. 

dpy  .  .  , 

i 

Taking  standardization  into  account,  signals 'at  output  of  tphe  i 
sum  and  difference  channels,  with  accuracy  up  to  the  constant  “ 
coefficient,  can  be  represented  by  expression 

6)=  ^JL=_l_expi(«„p(+v),;  1  (5.85) 

I 
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i 


I 


i 


I 


if  If- «>  =*  t1*8  exi>  T)- 

_  *|SL  exp  i  (o'np  t  -f  9m)  j . 


(5.86) 


,  where  k  is  the  transmission  factor  of  the  difference  channel. 


Hendse  signal  at  phase  detector  outputs  is 


’  «(6)  =  Reiic(/,e)«%^0)== 


(5.87) 


jWith  an:  inertial  AGC  system,  when  the  ^andwidth  of  the  AGC 
i  system  is  much  less  than  the  spectral  band  of  reflected  signal 

i  1  ,  ^ 

fluctuations , 'the  standardizing  signal  assumes  the  form 

l  i 


./T.ny  —  V^'EKcK 


c  ,'py 


(5.88) 


where  E  is  the  average  value  of  the  envelope  obtained  as  a  result 

of  signal  passage  through  a  narrowr-band  filter. 

!  ! 

4  ! 

Then,  taking  into  account  expression  (5.82)  and  (5.83),  we 
obtain  ( 


(5.89) 


<'• S)  T  vfcr  [j 1,8  exp  1 K- ' + ?)- 


(5.90) 


fle.nce  error  signal  in  the  presence  of  an  inertial  AGC  system 


u  (6)  =‘Re  lie  (/,0)  ti*p  (t.  0)  —  . 


(5.9D 


i 


i 


Comparison,  of  expressions,  ( 5 . 8?)  and  (5-91)  shows  that  when 
0*0,  when  equisigna-1  direction  coincides  with,  direction  to  center 
of  a  complex  target,  error  signal  is.  not  zero  and,  with  an  inertialess 
AGC  system,  is 


Kp  By  a 


K#xpy 


-COS  (?—?„), 


(5.92) 


with  an  inertial  AGC  system  it  is 

u?'(0)  =  — cos  (<?- ?«). 

(5.93) 

With  target  finding  of  a  point  target  A0m  *  0,  Ey  w  =  0  and 
u'(0)  =  u"(0). 


Thus,  the  obtained  expressions  point  to  the -fact  that  with 
direction  finding  of  a  complex  target,  direc  .ion  finding  errors 
occur  because  of  angular  noises  of  the  target.  The  values  of  these 
errors  with  linearization  of  radiation  patterns  do  not  depend  upon 
the  angular  target  center  tracking  error  but  upon  the  type  of  AGC 
system.  With  a  fast-acting  AGC  system  the  effect  of  angular  noises 
on  dire  on  finding  accuracy  'is  somewhat  greater  than  with  an  inertial 
AGC  system.  In  practical  circuits,  this  difference  is  usually  not 
great  and  errors  from  the  effect  of  angular  noise  with  a  fast-acting 
AGC  system  do  not  exceed  errors  with  a  slow  AGC  system  by  more  than 
a  factor  of  2-3  [20]. 

With  an  inertial  AGC,  as  follows  from  expression  (5.93.) ,  the 
fluctuations  of  the  sum  signal  affect  direction  finding  accuracy. 

In  order  to  reduce  the  effect  of  the  fluctuations.,  we  can  limit  the 
sum  signal.  In  this  case,  error  signal  can  be  represented  by 
expression 

U^==  [£{*6  Ey  m  COS  (f  —  fm)], 

(5.94) 

where  Uq  is  the  threshold  signal  limitation  at  sum  channel  output. 

i 
I 

i 

i 
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Obviously,  with  an  inertial  AGO  systeu,  the  effect  of  signal 
amplitude  fluctuation  on  direction  finding  accuracy  is  apparent. 

Representing  the  amplitude  of  the  reflected  signal  as  a  sum 
of  the  mean  .and  fluctuating  components,  expression  (5.94)  can  be 
changed  to  the  form 

U  (9)  =  -E,m  cos  (?  -  ?,*)], 

4  (5.95) 

where  E  is  the  fluctuation  component  of  reflected  signal  amplitude 
relative  to  the  mean  value  E. 

With  a  fluctuating  signal  from  a  point  target 

■  (5.96) 

Hence  it  follows  that  with  an  inertial  AGC  system  amplitude 
signal  fluctuations  affect  direction  finding  accuracy  and  the  direction 
finding  system  virtually  ceases  to  be  a  monopulse  system  since  the 
requirements  for  signal  standardization  are  not  met.  The  value  of 
error  caused  by  amplitude  fluctuations,  unlike  errors  from  the  effect 
of  angular  noises  depends  upon  angular  target  tracking  error  and 
increases  with  an  increase  in  the  latter. 

We  can  evaluate  quantitatively  the  direction  finding  error  from 
amplitude  and  angular  fluctuations  if  the  corresponding  fluctuation 
distributions  and  the  AGC  system  parameters  are  given. 

We  can  use  calculation  formulas  obtained  from  expressions  (5.87) 
and  (5-95)  while  equating  them  to  zero: 


ja9  =  -£le_cos(¥  —  ?m)* 

(5.97) 

cos(? 

(5.98) 
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C„omp  ari  a  on  of  :exp.res  s  ions.  (5,97)  .and  (5  -98 )  shows  that,  with  a 
fast-ac.tirig  AGC  error  caused  by  amplitude  fluctuations  in  the.  reflected 
signal  is  zero.  As  for  errors  caused  by  the  change  in- the  slope 
of  the  reflected  signal  .phase  front,  they  .are  somewhat  greater  with 
a  slow  AGC.  However,  with  a  slow  AGC  the,  effect  of  reflected  signal- 
amplitude  fluctuations  increases. 

Figure  5*22  presents  the  experimental  dependences  of  sum 
tracking  error,  caused,  by.  amplitude,  apd  angular  fluctuations  of 
reflected  signals,  on  antenna  pointing  error  in  a  monopulse  system 
with  various,  values  for  the  AGC  bandwidth  [20].  Errors  are  expressed 
iri  units  of  target  dimension  as  a  function  of  errors  in  the  pointing 
of  the'  direction' finding  antenna  to  the  center  of  the  target.  As 
•a  result  of  experiments,' it  has  been  established  that  with  tracking 
errors  equal  to  half  the  linear  dimension  of  the  target,  the  level 
of  error  with  slow  and  fast  AGC  is  approximately  the  same.  On 
average  and  long"'ranges ,  when  angular  .target  dimensions  are  small 
and  the  effect  of  Internal  noises  of  the  autotracking  system  increases, 
the  effect  of  angular  noises  on  direction  finding  accuracy  becomes 
insignificant.  With  small  angles,  of  antenna  deviation  from  direction 
to  target  center,  direction  finding  error  with  a  fast-acting  AGC 
system  exceeds  error  with  a  slow  AGC.  With  short  ranges  to  target, 
due  to  an  increase  in  the. effect  of  ahgular  fluctuations,  in  a  number 
of  cases  the  use  of.  a  slow  AGC  can  be- advisable,' 

In  the  course  of  experiments  it  was  also  noted  that  low- 
frequency  components  of  amplitude  fluctuations  penetrated  into  the  , 
band  of  the  servosystem  and  additional  angular  errors  occurred  because 
of  them.  Thus  it  was  indicated  that  amplitude  fluctuations  of  very 
low  frequency  lying  within  the  servosystem  bandwidth  affect  all  radar 
direction  finding' systems,  including  monopulse.  The  degree  of  their 
effect  depends  upon  the  characteristics  of  AGC  and  the  bandwidth 
of  the  servosystem. 

Since  the  tracking  time  lag  with  a  slow  AGC  increases  tracking 
error,  the  servosystem  bandwidth  must  be  increased  sc  as  to  reduce 
to  minimum  the  processing  time  of  angular  error.  However,  an  increase 
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in  servosystem .  bandwidth  heightens  the  effect  of  noises  on  the  system 
and  under  certain  conditions  can  lead  to  loss  of  target  (Pig..  5.23). 
The  effect  of  Internal  autotracking  system  noises  rises,  which, 
in  turn-,  with  a  slow  AGC  increases  error  from  amplitude  fluctuations 
of  reflected  signals. 


Pig.  5.22.  Dependence  of  standard  error  caused  by  amplitude  and 
angular  signal  fluctuations  on  error  of  antenna  pointing  to  target 
with  different  AGC  bandwidth. 

KEY:  (1)  Without  AGC;  (2)  AGC  1  Hz;  (3)  AGC  12  Hz. 


Fig.  5.23.  Experimental  dependence  of  standard  tracking  error  on 
servosystem  bandwidth  in  a  radar  with  low  AGC  and  zero  delay  error. 

0  -  ratio  of  servosystem  bandwidth  to  width  of  amplitude  spectrum1' of 
fluctuations  at  half  power. 

KEY:  (1)  Los3  of  target. 


The  advantages  of  using  a  fast-acting  AGC  as  compared  with 
a  slow-acting  one-will,  be  the  more  substantial  the  greater  the  internal 
radar  noises  and  the  wider  the  servosystem  bandwidth  is  required  to 
;i>e  with  respect  to  tactical  considerations. 

Thus,  theoretical  and  experimental  studies  show  that  error 
caused  by  angular  noises  decreases  with  an  increase  in  the  time 
constant  of  the  AGC  system.  However,  with  the  increase  in  this 
constant,  'error  caused  by  low-frequency  amplitude  fluctuations  of 
reflected  signals,  modulating  any  error  signal,  also  increases. 

This  component  is  proportional  to  tracking  error  and  rapidly  rises 
with  an  increase  in  the  latter.  Internal  autotracking  system  noises 
impair  even  more  the  work  of  the  servosystem  with  a  low  AGC. 

The  work  of  the  direction  finding  servosystem  improves  with 
the  use  of  a  fast-acting  AGC,  effectively  eliminating  the  effect  of 
amplitude  fluctuations  in  signals  reflected  from  target.  Since  the 
effect  of  angular  target  noise  on  direction  finding  accuracy  rises 
with  this,  the  selection  of  AGC  parameters  must  be  a  compromise.  We 
should  try  for  the  minimum  possible  servosystem  bandwidth  since  an 
expansion  in  this  bandwidth  leads  to  an  increase  in  the  reaction  of 
the  angular-measurement  radar  coordinator  to  internal  and  external 
error  sources  and  thus  worsens  direction  finding  accuracy. 

§  5.7.  THE  EFFECT  OF  THE  DEPOLARIZATION  OF 
REFLECTED  SIGNALS  ON  DIRECTION  FINDING  ACCURACY 

The  polarization  of  waves  is  determined  by  the  direction  of  the 
vector  of  the  electrical  field.  Most  radar  antennas  operate  with 
linear  polarization,  with  which  the  direction  of  the  vector  of  the 
electrical  field  is  either  vertical  or  horizontal.  This  is  partially 
explained  by  the  fact  that  linear  polarization  is  structurally 
easier  to  accomplish  in  equipment. 

In  addition  to  linear  polarization,  we  find,  although  considerably 
more  rarely,  the  use  of  circular  polarization  when  the  vector  of 
the  electrical  field  turns  with  the  frequency  of  the  signal  in  a 
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plane  perpendicular  to  the  direction  of  radio  wave  propagation,  to  j 

l 

the  right  or  left.  Circular  polarization,  in  addition  to  the  \ 

electrical  advantages,  has  other  advantages  when  operating  where  ] 

radio  waves  pass  through  layers  of  the  ionosphere  and  where  there  \ 

are  severely  disturbing  meteological  factors>  rain,  snow,  thunder-  ' 

heads,  etc.  ) 

i 

However,  the  polarization  formed  during  the  emission  of  signals,  \ 

as  a  rule,  is  not  kept  constant  and  undergoes  some  sort  of  distortion, 
which  varies  depending  upon  the  operating  conditions  of  the  radar.  j 

Let  us  examine  reasons  for  the  depolarization  of  signals  and  the 
impairment  of  direction  finding  accuracy  connected  with  it. 

i 

5.7.1.  Re’asons  for  the  depolarization  of  reflected  signals. 

One  of  the  reasons  for  depolarization  is  the  medium  of  radio  wave 
propagation.  If  the  radio  waves  are  propagated  in  a  vacuum  or  in 
plasma  (in  the  absence  of  a  magnetic  field),  their  polarization  is 
maintained  constant. 

Actually,  radio  waves  are  propagated  in  atmosphere  where 
different  types  of  inhomogeneities  occur  including  regions  of  plasma 
(ionized  gas)  found  in  earth’s  magnetic  field*  This  generates 
various  changes  in  signal  polarization.  Thus,  for  example,  during 
the  passage  of  linearly  polarized  radio  waves  through  ionized  sections, 
the  slope  of  the  polarization  plane  changes.  The  direction  of 
polarization  rotation  for  radiated  and  reflected  waves  is  the  same; 
therefore,  the  total  angle  of  rotation  will  be  twice  as  large  as 
it  is  with  radio  wave  propagation  in  one  direction.  Since  the  value 
of  the  angle  of  polarization  plane  rotation  is  not  constant  and 
cannot  be  determined  beforehand,  linearly  polarized  waves,  returning 
after  reflection  from  target  to  radar  antenna  can  have  a  polarization 
orthogonal  to  the  radiated  wave,  as  a  result  of  which  signal  reception 
and  target  detection  becomes  either  impossible  or  target  direction  ] 

finding  will  have  large  errors.  To  avoid  this,  radars  designed  \ 

for  the  detection  of  space  targets  when  the  passage  of  radio  wa\/es  j 

through  sections  of  the  ionosphere  is  inevitable,  as  a  rule,  use  j 

circular  polarization.  A  wave  with  circular  polarization,  in  spite  i 
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of  the  effect  of- -additional  rotation  of  polarization,  maintains 
a* polarization  near  circular;  which  ensures  reliable  target  tracking. 

However,  the  propagation  medium  is  not  the  only  reason  for 
radio  wave  depolarization.  Another  even -more  important  reason  is 
the  target  itself,  reflecting  the  radio  wave.  The  actual  target 
in  the  overwhelming  majority  of  cases  is  a  complex  reflecting  surface. 
During  irradiation,  currents  with  a  complex  special  structure  are 
induced  on  its  surface.  As  a  result  of  interference  phenomena,  the 
resulting  radiation  field  (reflected  signal)  generated  by  the  currents 
induced  on  the  target's  surface  will  have  a  complex  structure,  as 
will  its  polarization.  Instead  of  the  radio  waves  with  a  stationary 
polarization  state,  there  will  occur  the  so-called  partially 
polarized  waves  where,  along  with  regular  polarization  components, 
there  will  be  components  of  a  fluctuation  character  which  do  not 
have,  because  of  their  indeterminancy,  representation  on  a  Poincare 
polarization  sphere.  The  degree  of* radio  wave  depolarization  which 
occurs  in  .this  case  will  be  determined  mainly  by  the  structure  of 
the  target,  the  parameters  and  dynamics  of  its  motion;  therefore, 
the  depolarizing  properties  of  targets  are  being  widely  studied  at 
present  and  attempts  are  made  to  use  them  for  classification  and 
identification  of  targets  [28,  83,  84,  106]. 


In  operations  with  low-flying  targets,  when  elevation  angles 
are  rather  small,  reflections  from  ground  or  water  can  affect  radio 
signal  depolarization.  Reflection  and  refraction  factors  of  radio 
waves,  as  we  know,  depend  to  a  considerable  extent  upon  polarization. 
P.epresenting  the  polarization  of  the  incident  field  in  the  form  of 
two  polarization  components  -  one  parallel  to  the  surface  of  reflection 
and  one  orthogonal  to  it  -  we  can  show  that  the  reflected  wave 
will  have  a  distorted  (generally  elliptical)  polarization.  Being 
summed  at  the  reception  point  with  the  direct  wave  from  the  target, 
the  wave  reflected  from  the  ground  (water)  can  further  deform  the 
polarization  structure  of  signals  received  by  the  radar  antenna. 

Thus,  a  radio  wave  reflected  from  the  target  is  generally 
depolarized,  i.e.,  has  a  polarization  unlike  the  working  polarization 
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of  the  radar.  Along  with  components  agreeing  with  the  radar  antenna 
polarization  there  can  appear  regular  components  significantly 
different  from  the  main  (working)  polarization  and  also  irregular 
(chaotic)  components  of  polarization. 

Let  us  consider  to  what  extent  signal  depolarization  can  affect 
the  direction  finding  accuracy  of  monopulse  radars. 

5.7.2.  The  character  of  the  effect  of  reflected  signal  depolar¬ 
ization  on  direction  finding  accuracy.  The  effect  of  reflected  signal 
of  depolarization  on  direction  finding  accuracy  is  mainly  caused  by 
the  crosspolarization  of  the  receiving  antennas. 

1  1  < 

As  was  shown  in  Chapter  2,  most  antennas  used  in  modern  radars 
have  crosspolarization,  because  of  which  the  radiation  pattern  of 
the  receiving  antenna  has  a  complex  polarization  structure.  Due  to 
this,  the  parameters  of  the  radiation  pattern  for  the  receiving 
antenna  are  independent  of 'the  polarization  of  radio  waves  received. 

The  calculated  radiation  pattern  occurs  in  practice  with  the 
polarization  of  signals  corresponding  to  the  main  (working)  polariza¬ 
tion  of  the  antenna.  In  the  other  cases,  the  radiation  pattern 
is  distorted  and  is  the  more  noticeably  so  the  more  substantially 
the  polarization  of  signals  received  differs  from  the  working  polari¬ 
zation  of  the  antenna.  With  signal  polarization  agreeing  with  the 
crosspolarization  of  the  antenna,  the  expected  distortion  of  the 
radiation  pattern  is  maximum.  In  this  case,  the  antenna  radiation 
pattern  will  be  fully  determined  by  the  structure  of  the  crosspolarlza' 
tion  of  the  radiation  of  a  given  antenna. 

Since  the  radiation  pattern  on  crosspolarization,  as  can  be 
seen  from  the  figures  presented  in  Chapter  2,  agrees  neither  in 
form  nor  position  with  the  radiation  pattern  on  main  polarization, 
such  a  deformation  of  pattern  inevitably  affects  direction  finding 
accuracy. 

Analysis  shows  [10^]  that  for  linearly  polarized  antennas  a 
noncorrespondence  of  polarization  in  radio  waves  received  with  the 


working  polarization  leads  to  displacement  of  their  equisignal 
direction  with  respect  to  the  optical  axis  of  the  antenna;  the  value 
of  the  displacement  depends  both  on  the  value  of  polarization  non- 
correspondence  and  the  angle  of  displacement  with  the  tracked  source. 
Beam  displacement  due  to  crosspolarization  is  noticeable  also  when 
the  direction  finding  antenna  has  a  beam  of  circular  cross-section. 

As  a  rule,  the  radiation  pattern  with  the  alternate  inception  of 
signals  radiated  by  orthogonal  dipoles  is  displaced  in  opposite 
directions  relative  to  the  optical  axis  of  the  antenna.  On  the 
basis  of  this  we  conclude  that  direction  finding  errors  are  approxi¬ 
mately  double  if  the  radar  antenna  is  designed  for  the  reception  of 
both  polarizations. 

The  dependence  of  antenna  beam  direction  on  the  polarization 
of  signals  received  affects  the  accuracy  of  direction  finding 
systems  of  various  types,  including  those  operating  on  the  monopulse 
method.  This  is  apparent  in  the  example  of  the  transformation  of 
direction  finding  characteristics  depending  upon  the  polarization  of 
reflected  signals  in  an  amplitude  sum-difference  monopulse  radar. 

As  a  receiving  antenna  we  shall  take  an  antenna  of  the  truncated 
paraboloid  type,  designed  for  tracking  a  target  in  one  plane. 

As  we  know  [ill],  the  direction  finding  characteristic  of  an 
amplitude  monopulse  radar  of  the  sura-difference  type  with  an  instan¬ 
taneous  AGC  system  can  be  determined  according  to  formula 

•  0 

'  — Re  ej 

K  a.  (<,*)«%(<.  9)  *  (5.99) 

•  • 

wHere  u_(t,  6)  and  u  (t,  6)  are  the  complex  expressions  for  signals 
C  P 

of  the  sum  and  difference  receiving  channels.  . 

Let  us  assume  that  the  antenna  is  linear  and  the  field  distri¬ 
bution  along  its  aperture  is  determined  by  functions 

v(x)6y  for  the  first  channel 

(5.100) 
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•  »  ,  ^  *  •+ 

fcW=fk*(*)ftrH*  u(x)ey  for  the  second  channel 

(5.101) 

•*  ~'<m  «*  .  ,  l 

•  • 

where  x(x);  are  factions  determining  the  excitation  field 

with  respect  to  the  main  component  of  polarization  for  signals 

received; 

•  • 

iji,  (x);  1 1/9  (x)  are  functions  determining  the  excitation  field 

a.  y  ^  y  - 

•with  respect  to  the  crosspolarization  component  of  the  signals 
received; 

•  .  e  and  e„  are  unit  vectors. 

x  y 

•  • 

•  We  shall  define  functions  x(x)  and  i| x(x)  as 


<J>, t{x)=z exp i {kx cos a„)  f t (x)  (5.102) 

*  (*)  exp  i  (—KX  cos  a#)  /»(*) ) 

•  • 

Assuming  the  given  functions  ^  x(x)  and  x(x)  and  opposite 
phase  for  the  lobes  of  the  crosspolarization  radiation  pattern  lying 

on  different  sides  of  the  main  planes  of  the  antenna  aperture, 

•  • 

functions  iji,  (x)  and  (x)  for  this  case  can  be  represented  by 

J-  jr  ^  J 

the  following  expressions : 

4t  t>  (■*) = aK  exp  i  (kx  cos  o0  -j-  7,)  /,  (x) 

&  b  (*)  ==  rt^exp  i  ( — kx  cos  a0  rf  9i )  U  (a) 

(5.103) 


#1  v  (*)  =  a K  exp  i  {KX  cos  a,  -  j-  +  «)  /,  (a*) 

(a) = aK  exp  i  (—  kx  cos  a0  -4-  7,  -{-  *)  /3(x) 


0  <x<d. 


(5.10*0 
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In  the  above  functions  the  following  designations  are  used: 

2d  is  the  antenna-  aperture  dimension; 

<Xq  is  the  angle  accounting  for  the  asymmetry  of  the  radiation 
pattern  in  space  relative  to  equisignal  direction; 

a  is  the  relative  amplitude  of  the  field  which  can  be  excited 

ft 

with  respect  to  the  crosspolarization  component  of  the  signals 
received; 

^  is  the  phase  shift  of  fields  excitable  in  the  antenna  aperture 
>rith  respect  to  the  main  and  crosspolarization  component. 

For  the  sake  of  simplification,  amplitude  distribution  of  the 
field  along  the  antenna  will  be  considered  uniform  and  equal  to 

U{x)=h{x)~\l2d.  (5.105) 

Let  the  signal  received  be  defined  by  the  expression 

1  =  (5.106) 

where 

£,=  E.  exp  i  k  (x  cos  a y  cos  p-f-zcosY) 

(5.107) 

-  is  the  component  of  the  signal  agreeing  with  the  main  polarization 
of  the  antenna, 

*♦ 

~  exp  cos  a  4#  cos  p+zcos  *)+¥»]  (5.108) 

-  is  the  component  of  the  signal  with  polarization  orthogonal  to  the 
main  polarization  of  the  antenna. 

Here  Eq  is  the  amplitude  of  the  incident  field; 
b  is  the  ratio  of  incident  field  amplitude  to  two  mutually 
orthogonal  polarizations; 

<f>2  is  the  phase  shift  between  orthogonal  components  of  the 
incident  field; 


cos  a,  cos  g,  cos  y  are  the  direction  cosines  of  a  spherical 
system^  of  coordinates . 

With  direction  finding  in  one  plane  y  =  z  =  0,  and 

*♦ 

£*=£,  exp  \kx  cos  a,  (5.109) 

exp » (toe  cos  a -{-•¥»)•  (5.  HO) 

Let  us  determine,  under  the  given  conditions,  the  signals  at 
output  of  antenna  channels: 


(»)=|?,  (x)  /kl=|  [|„  («)£,+?,,«  £„]  dx= 

e  I  “r 

=-£-*<  1  exp  i  kx  (cos  a  cos  a0)  dx  -f- 

—d 

-\-aJb  exp  1  <E>  |  J  exp i toe  (cos  a  cos  aj  dx — 

-  J  exp  i  KX  (cos  a  cos  a0)  rfjtj  | , 


“« (9)  =  J  la  (X)  IdX  =•-.  j  $,x(x)  }x+i2l/  (X)  1 J  dx  = 
S  s[  J 

E  I  f 

—~r\  l  exp  i  to:  (cos  a  —  cosa0)rf^-f- 

—d 

10  '  * 

J  exp  i  kx  (cos  d  —  cos  a0)  dx  — 

— J*  (cos  a  —  cos  a#)  dx  J  j.  . 

As  a  result  of  integration,  we  obtain 

u,  (0)  =  2e„[i£i  +  2a,6exp  i  *  j- 

=  2E.\^~i2a, 


(5.111) 


(5.112) 


(5.113) 


I 
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i  (*)  =:S£,  2a,6  cq>i  ®  -^S,] . 

=2£,p~  -  i  2 a,b  cxj)i  ® 


•where 


■m  =  (cbs  fit  —  cos  a0),  i 
ti7=i;iid  (cos  a  4-  cos  a0), 

-  -?»+?.* 


Hence  it  follows  that 


u-c())=1i,(8)+«'.(8)=2£.[i!5r+ir!—  ' 

-i2a1.4expi«I'\— — +  ij-/  I' 

«,  (»)  =  ",  (6)  -  ",  (6)  =  2£,  -2M-_ 

(  sln'-f-  •  xih'-f  \1  , 

—  i2aB(?  exp  i  *1> y  -  - - L_jj.  _ 


(5.115) 


(5.116) 


Calculation  of  the  numerator  and  denominator  of  t)he  direction 
finding  characteristic,  respectively,  givesithe  following: 

Re  MO)  "\  («)  =  4£=  |  +  ,  1  , 


-j“ 


(  ***? 

slum 

sin  n  >1 

\  in 

m 

%  n 

n  ! 

(  sin*-?-  sln«~r\l  5 

“A— — — /!•  ■ 


+4a,6'^— 

«c(9)«tc(8)=4fi 


(5.117) 


.7  sin’-?-  s}n*-w-  \ 

/  sln*-y-  sin*  ~y<  Y| 

+*<*[— r+-T-}  ]• 


(5.118) 
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Vie  know  that 


cos  a = cos  ft  sin  ft, 
cosa#f==cosftsin6,.  . 


i  For  the  case  of  tracking  in  one  plane  $  =  0  and  cos  a  =  sin  0, 
cos  <Xq  =  sin  0q.  : 


Usually  0q  =  0q-  ,-/2  ,where 


«  __ 

—  2d* 


•Coefficient  A  depends  upon  the  type  of;  antennas  and  for  parabolic 
antennas  A  ~  0.8.  ( 

•  1  - 

Inj  accordance1  witli  this,  expressions  m  and  n  can  be  represented 
in  the  forms'  ,  : 


i 


!  i 


i  i  i 

i 


\n = -vp-—  (sin  6  —  sin  60), 


n  =  (sin  6  -}-  sin  0o). 


(5.H9) 

(5.120) 


After  dividing  expression  (5.117)  by  (5-.118),  we  obtain  an 
equation  defining  the  direction  finding  characteristic  of  the  studied 
monopulse  system  as  a  function-,  of  ohe  polarization  of  signals  received 
and  the  polarization  characteristic1  of  the  receiving  antenna.  In 
accordance  with  this  equation,  calculations  were  made  on  a  computer, 
i  i  1  : 

Figure  5.24  illustrates  calculated  direction  finding  characteris¬ 
tics  for  different  values  of  aKb  when  0Q  ^  =  1°  and  0  =  90° . 

1  '  1  '  -  1 

As  seen  from  the  figure,  an  increase  in  a  b  leads  to  the  trans- 

K 

formation 'of  direction  finding  characteristics,  which  is  manifested 
1  , 

in  a  displacement  of  zero,  as  well  as  a  change  in  steepness  and 
form.  With  ari  increase  in  a'b  the  value  of  zero  displacement  for  the 
directibn  finding  characteristic  also  increases  and  when  (aHb  ») 
'tends  toward  the  width  of  the  radi'atlon' pattern  (Fig.  5.25).  Beginning 
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.  _  The  product  of  aKb  with  direction  finding  of  a  single  signal 
source  physically  denotes  the  ratio  of  signal  amplitude  at  receiving 
ar?.tenn£i  output,  received  bn  crosspolarization, ,to  signal  amplitude 
received  on  main  polarization.  Therefore,  a  b  *=  »  when  a  <1 

.  «  *  K  K 

corresponds  to  the  case  where  the  received  signals  pass  only  through 
the  crosspolarization  of  the  antenna  and  have  linear  polarization 
turned  precisely  90°  relative  to  the  working  polarization  of  the 
receiving  antenna.  " 

The  fact  of  Tefl.ected  signal  depolarization  and  the  related 

appearance  of  additional  direction  finding  errors  because  of  the  * 

crosspolarization  of  receiving  antennas  has  been  experimentally 
r  , 

noted*.  Thus,  in  one  of  the  works  [130]  there  are  results  presented  on 

the  radiation  pattern  measurements  in  an  amplitude  sum-and-difference 

monopulse  system  on  main  polarization  and  crosspolarization.  As 

is  apparent  from  Pig.  5*26  illustrating  these  measurement  results, 

with  the  reception  of  signals  with  polarization  agreeing  with  the 

crosspolarization  of  the  receiving  antenna,  partial  patterns  of  a 

monopulse  system  are  deformed,  as  a  result  of  which  an  equisignal 

direction  is  formed  which  deviates  2°  from  normal,  corresponding  to 
a  displacement  of  0.^5  radiation  pattern  width  at  half  power. 

The  presence  of  nonidentity  of  amplitude-phase  characteristics 
of  receiving  channels  arjd  the  initial  tracking  errors  can  intensify 
the  effect  of  antenna  crosspolarization  on  direction  finding  accuracy. 


Pig.  5.26.  Antenna  radiation  pattern  on  an  amplitude  sum-difference 
monopulse  system:  a)  for  main  polarization}  b)  for  crosspolarization. 
KEY:  (1)  F(0),dB}  (2)  P(0),dB. 


figure  '5.27  presents  the  dependence  of  equisignal  direction 
displacement  on  polarisation  orientation  and  working  frequency, 
obtained  experimentally  With'  the  AN/FPS-16  modified  monopulse  radar 
with  circular  polarization  under  conditions  of  signal  reception 
with  linear  polarization  [49.].  Prom  the  figure  it  is  apparent  that 
the  value  of  equisignal  direction  displacement  with  a  Change  in  the 
angle  of  linear  polarization  orientation  and  working “ frequency  of 
received  signals  changes  both  in  magnitude  and  in  sign  and  reaches 
1.51.  If  we  consider  that  the  normal  accuracy  of  angular  measure¬ 
ments  for  the  AN/FPS-16  is  evaluated  by  tenths  of  an  angular  minute 

[-74],  we  cannot  disregard  the  displacements  obtained  in  equisigna.l 

,  \ 

direction  o,f  radiation  .patterns  for  the  receiving  antenna. 

4 

,  \  .  . 


Fig.  5.27.  Dependence  of  equisignal  displacement  on  the  angle  of 
slope  in  the  polarization  plane  of  received  signals:  a)  in  azimuth; 
b)  in  elevation. 

KEY:  (1)  A0q  min;  (2)  Mhz,  (3)  deg. 

Thus,  the  experimental  results  substantiate  calculated  data  on 
the  effect  of  crosispolarization  of  receiving  antennas  in  a  monopulse 
system  on  direction  finding  accuracy.  We  should  mention  that  a 
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change  in  the  orientation  of  the  linear  polarization  of  a  wave  is  also 

)  ‘f  •  -  , 

expressed  in  a  change  of  the  depth  of  the  minimum,  difference  radiation 
pattern  as  well  as  the  level  of  its  side  lobes. 

Under  actual  conditions,  reflected  signals  have  a  partially 
polarized  structure.  Therefore,  a  deformation  in  the  radiation 
pattern  will  have  a  random  character,  as  a  result  of  which  the  final  / 
effect  will  be  determined  by  the  spectral  density  of  the  variations  / 
in  polarization  and  servosystem  bandwidth.  Under  these  conditions, 
we  can  expect  a  reduction  in  direction  finding  sensitivity  of  the  / 
system  and  an  increase  in  its  standard  errors. 

5.7.3.  Methods  of  lessening  the  effect  of  antenna  crosspolariza¬ 
tion  on  direction  finding  accuracy.  Since  crosspolarization  is 
generally  caused  by  the  very  principle  of  radiation  pattern  formation, 
to  improve  design  quality  and  increase  manufacturing  precision  for 
direction  finding  systems  is  necessary  but  insufficient  to  reduce 
c-rosspolarization  radiation. 

More  effective  measures  for  the  reduction  of  crosspolarization 
effects  are  compensation  and  polarization  filtration. 

The  first  method  is  based  on  the  selection  of  an  irradiator 
capable  of  compensating  the  crosspolarization  components  of  the  field 
in. the  aperture  of  the  mirror.  One  of  the  simplest  irraalators  is 
a  sum  of  electrical  and  magnetic  dipoles  with  different  moments, 
located  at  right  angles  to  each  other.  An  analog  of  such  an  irradiator 
is  a  pyramidal  horn  [100].  For  compensating  crosspolarization  we 
can,  also  use  an  installation  of  special  correcting  plates  at  the 

*  f 

maxima  of  the  antenna's  electrical  field  [133,  13*0. 

The  second  method  for  reducing  the  effect  of  crosspolarization 
on  direction  finding  accuracy  lies  in  the  use  of  mesh  reflectors  and 
in  the  installation  in  antenna  apertures  of  polarization  grids 
which  are  ordinary  grids  of  close  parallel  wires  or  metal  plates 
[1,  63,  77,  HI,  112].  Such  reflectors  and  grids  reflect  waves 
with  a  polarization  parallel  to  the  wires  (plates)  and  pass  wave 


^  >with  an  orthogonal  polarization  direction.  This  makes  it  possible, 
to  a  certain  extent;  to,  filter  the  components  of  the  reflected  signal 
whose  polarization  is  near  the  cross  polarization  of  the  antenna 
and,  as  a  consequence,  to  lessen  their  harmful  effect  on  direction 

t 

finding  accuracy. 

With  values  of  wire  radius  Tq  <  0.05A  and  spacing  between  wire 
axes  S  <  0.2A,  the  attenuation  factor  for  radio  waves  with  a  polariza¬ 
tion  parallel  to  che  wires  of  the  grid  can  be-  calculated  according 

to  formula  [1]. 

\ 

X 

*  +  V2S  ln2 «rjs)  (5.121) 

where  Tq  is  the  ratio  of  the  power  of  a  wave  which  has  passed'  through 
the  grid  to  the  power  of  an  incident  wave. 


When  Tq/X  =  0.1  and  0.05,  calculation  according  to  the  cited 
formula  gives  the  following,  respectively: 

db  db 

r0»0,05(-i3  86);  0,002(— 26  86). 

Reduction  in  phase  errors  of  field  distribution  in  the  aperture 
of  the  antenna  by  reducing  the  illumination  of  the  edges  of  the 
mirror  during  its  excitation  leads  to  a  decrease  in  the  crosspolariza¬ 
tion  of  the  antennas.  However,  the  amplification  of  the  antenna  is 
also  reduced  and  the  main  lobe  of  the  radiation  pattern  is  broadened 
[100,  121]. 
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CHAPTER  6 


? 

r 

THE  EFFECT  OF  IMPERFECT  I  Oils  IN  ELEMENTS  OF  THE 
RECEIVING  CIRCUIT  Oil  THE  ACCURACY  OF  MEASURING 
ANGULAR  COORDINATES  BY  THE  MONOPULSE  METHOD 

§  6.1.  MAIN  SOURCES  OP  EQUIPMENT  ERRORS 

The  monopulse  method  is  based,  as  Indicated  earlier,  on  the 
reception  of  signals  simultaneously  by  two  or  more  receiving  channels 

with  their  subsequent  comparison  with  respect  to  amplitude  or  phase. 

In  accordance  with  this,  the  accuracy  of  direction  finding  using 
the  monopulse  method,  in  many  cases,  will  be  determined  by  the 
identity  of  the  characteristics  of  each  pair  of  receiving  channels 

which  together  provide  direction  finding  in  any  coordinate  plane. 

Hitherto,  when  examining  the  reception  and  processing  of  signals 
in  monopulse  direction  finding  systems,  we  have  based  our  assumption 
on  the  fact  that  the  characteristics  of  receiving  channels  are 
identical.  This  enabled  us  to  study  the  principles  involved  in 
constructing  monopulse  systems  under  conditions  which  ensure  the 
achievement  of  the  potential  capabilities  of  the  monopulse  direction 
finding  method.  Actually,  however,  the  structural  and  circuit  makeup 
of  a  monopulse  radar  can  have  certain  disadvantages  which  disturb 
the  identity  of  receiving  circuit  characteristics.  In  a  number  of 
cases,  such  disruption  can  occur  during  the  operation  of  the  equipment 
because  of  element  aging  as  well  as  climatic  and  mechanical  effects. 

In  these  cases,  direction  finding  accuracy,  to  a  certain  extent,  will 
be  determined  by  the  value  and  character  of  equipment  error. 


Among  the  main  sources  of  equipment  error  in  monopulse  radar 
systems  are  inadequacies  in  the  formation  of  antenna  radiation  patterns, 
nonidentity  of  amplitude-phase  characteristics  for  receiver-amplifier 
channels,  imperfect  operation  of  the  AFC  and  AGC  systems. 

Below  we  examine  the  character  of  the  effect  of  certain  sources 
of  equipment  error  on  direction  finding  accuracy. 

§6.2.  THE  EFFECT  OF' IMPERFECT  FORMATION  OF  ANTENNA 
RADIATION  PATTERNS  OF  MONOPULSE  SYSTEMS  ON  DIRECTION 
FINDING  ACCURACY. 

The  character  of  an  antenna  radiation  pattern  is  determined  by 
the  amplitude-phase  distribution  of  the  excitation  field  in  the 
aperture  [52,  62].  Since  antennas  of  raonopulse  radars  must  form 
symmetric  pairs  of  radiation  patterns  in  each  direction  finding  plane, 
this. assumes  certain’  requirements  on  the  function  of  the  field  dis¬ 
tribution  in  the  aperture  (requirement  of  the  function  of  the  field 
distribution  in  the  antenna  aperture  for  amplitude  and  phase  direction 
finding  were  examined  in  §  2.1).  The  nonfulfillment  of  these  require¬ 
ments  inevitably  leads  to  the  noncorrespondence  of  radiation  patterns 
to  the  principles  of  direction  finding,  to  the  appearance  of 
asymmetry  in  amplitude  and  phase,  and  to  a  number  of  other  distur¬ 
bances.  This,  in  turn,  generates  additional  direction  finding 
errors . 

One  of  the  main  reasons  for  nonfulfillment  of  required  excita¬ 
tion  field  symmetry  is  the  inaccuracy  of  antenna  building.  Errors 
incurred  in  the  building  of  antennas  bring  about  Irremovable  dis¬ 
tortions  in  field  distribution  along  the  aperture  and,  as  a  consequence, 
lead  to  the  formation  of  radiation  patterns  unlike  those  calculated. 

Errors  in  field  distribution  along  the  aperture  can  be  broken 
down  into  systematic  and  random.  The  reasons  for  systematic  error 
can  include  shading  of  mirror  aperture  by  the  feeds  and  fastening 
elements,  the  diffraction  of  radio  waves  on  the  edges  of  the  mirror 
and  the  feeds,  and  channel  cross-talk.  Reasons  for  random  error 
include  random  deformations  of  antenna  mirror  surface,  temperature 


gated. i?  _  ■’ s»v  * ,  * .  „  .. 
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drops  or  wind  force  changes  around'  the  antenna,  which  lead  to 
fluctuations  in  excitation  field  phase,  errors  in  building  antenna, 
etc. 

* 

Systematic  errors,  as  a  rule,  are  identical  or  near  in  value 
to  those  of  single-type  antennas  made  according  to  established  technol 
0  ogy  and,  therefore,  can  be  studied  beforehand  with  a  certain  accuracy. 

As  for  random  errors,  they  cannot  be'  studied  in  advance  since  they 
vary  in  magnitude  within  wide  limits  from  sample  to  sample.  Therefore 
an  evaluation  of  random  errors  usually  is  done  by  the  statistical 
method. 

The  effect  of  systematic  errors  on  radiation  pattern  can  be 
determined  by  introducing  them  into  the  field  distribution  along 
the  aperture  according  to  familiar  methodology  [62].  We  can  show 
that  the  presence  of  linear  phase  error  along  the  antenna  aperture 
leads  to  the  corresponding  deviation  of  radiation  pattern  from  the 
prescribed  direction.  If  the  phase  error  changes  according  to 
square  law,  antenna  beam  de focusing  sets  in. 

Random  phase  and  amplitude  errors  in  field  distribution  along 
the  aperture  cause  an  Increase  in  the  level  of  the  side  lobes, 
angular  displacement  of  radiation  pattern,  and  decrease  in  the 
coefficient  of  antenna  directional  action.  The  effect  of  random 
phase  and  amplitude  errors  in  field  distribution  along  the  aperture 
on  the  indicated  characteristics  of  antennas  was  studied  by  the 
statistical  method  in  a  number  of  works  [^0,  60,  71,  88,  107,  116, 
and  119]. 

In  order  to  explain  the  results,  let  us  examine  two  examples 
corresponding  to  a  two-dimensional  antenna  array  [116]  and  an 
antenna  of  the  parabolic  type  [40], 

*  6.2.1.  The  effect  of  errors  in  field  distribution  along  the 

aperture  of  an  antenna  array  on  direction  finding  accuracy.  In 
analyzing  direction  finding  errors  introduced  by  the  elements  of  a 
«  phased  array,  we  shall  assume  that  the  antenna  is  a  rectangular  array 
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arranged  in  plane  XY,  and  the>,monopulse  system  is  an  amplitude  sum- 
di’fference  system.  ' 


Displacement  of  equisignal  direction  created  by  errors  of  array 
excitation  leads  to  direction  finding  error  in  plane  XZ,  equal  to 

■^0*9=0'*,  —  3*,, 

(6.,1) 


where  0xQ  is  the  angle  defining  equisignal  direction  in  the  absence 
of  errors; 

0-0  is  the  angle  defining  equisignal  direction  in  the  presence 
"of  errors. 


Usually  in  monopulse  systems  with  antenna  arrays  tracking  is 
accomplished  on  error  signal  value  without  converting  the  signal 
S(0)  to  zero.  In  this  case,  an  additional  source  of  direction  finding 
error  appears  because  of  the  change  in  direction  finding  sensitivity. 
If  the  direction  finding  characteristic  is  assumed  linear,  defined 
by  relationship  S(0)  =  p0x,  tracking  error  can  be  determined  by 
equality 


(6.2) 


* 


where  0-  is  true  direction  to  target; 
x  p 

0  is  apparent  direction  to  target,  taking  error  into  account; 
x  p 

Ay/p  is  the  relative  change  in  sensitivity  during  target  tracking; 

0X  is  the  displacement  of  the  target  relative  to  equisignal 
direction  in  the  direction  finding  plane  X,  equal  to  p  -  6x(P* 

Prom  equation  (6.2)  it  is  apparent  that  tracking  error  consists 
of  two  components:  the  first  is  caused  by  the  displacement  of 
equisignal  direction,  while  the  second  by  change  in  direction  finding 
sensitivity. 

Sum  tracking  error  will  be  maximum  at  maximum  displacement 
of  target  from  equisignal  direction.  If  we  assume  that  the  maximum 
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displacement  of.  target  will  reach  half  the  radiation  pattern  width, 
equation  (6.2)  is  written  in  the  form  „  , 

[A9J«*e=  A0*»+TL  '2xk  e7,  (6.3) 

where  X  is  the  dimension  of  the  array  in  direction  x. 

The  value  of  the  sum  tracking  error  depends  upon  type  and 
magnitude  of  errors  of  amplitude-phase  excitation  field  distri¬ 
bution.  Let  us  examine  each  component  of  tracking  error.  For 
example,  we  find  even  excitation  creating  sum  pattern  Fc(6)  with 
amplitude-phase  distribution  along  the  array  in  the  form 


''{mu 1=3  fnm  (l-^A  fnm)  CXp  [ —  i  (f).tn  COS 

4"  P#»>.  COS  ^ V  *  —  &wr.)].  (6 

where  x  ,  y„  are  the  coordinates  of  the  radiators; 
n  m 

Ynin  is  the  excitation  amplitude  in  the  absence  of  error; 
AYnm  is  amplitude  e«ror; 

»nm  13  Phase  error' 


Similarly,  with  uneven  excitation  with  respect  to  x  and  y, 
creating  difference  pattern  Fp(6)  in  plane  XZ,  amplitude-phase 
distribution  is  described  by  expression 

‘Hnm  ~  “Hnsn  ( ^  4"  Al)n  m)  6Xp  [—  1  ($Xn  COS  6*  #4"" 

•  COS  6*;  *4  Inn.)].  .  <6-5) 

Phase  error  for  any  array  element  consists  of  error  in  the 
position  of  this  element  and  error  in  phase  during  its  excitation: 


4"  P  (A-^ntn  COS  0x  o  4~  tynm  COS  0  y  0'4~  A^nn/COS  8*0). 


(6.6) 


where  Ax  ,  Ay  ,  Az  are  errors  in  location  of  excited  element; 
nnr  ',nnr  nm 

'is  phase  error  of  excited  element, 
nm 
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Similarly,,  .-for  .phase  error  in  excitation  field  distribution 
during  the  formation  of  difference  diagram 


(^nm'cos  0*  #  *f  Af/n„,  cost),,,  ^  te»ycc;$'d„). 


(6.7) 


'For  antenna  arrays  having  a  large  number  of  elements,  excitation 
can  be  represented  in  the  form  of  continuous  functions  y(x,  y)  and 
n(x,  y). 

Under  this  condition,  expressions  for  both  tracking  error 
components  assume  the  form  [116] 


_ L  Jf  5  (*•  (*• y) 

*  fsln  0„  JJxij(x.y)  dA  * 

_ X_: _ 1  fW^idA  .  *  “  . 

I*  2X  sin  0If  2  ^  $  fx-qUA  '  Ux  sin  9xt~ 

^dA  A-yrqlA  \  R 

V  )'i*¥A  J~?x  sine,,  ‘ 


(6.8) 


(6.9) 


Let  us  note  that  integration  is  carried  out  over  an  equivalent 
aperture  of  the  array,  having  dimensions  X,  Y,  and  none  of  the 
amplitude  and  phase  excitation  errors  y  are  introduced  into  formula 
(6.8). 

Formulas  (6.8)  and  (6.9)  can  be  used  for  calculating  tracking 
errors  arising  both  from  systematic  and  from  random  amplitude  and 
phase  excitation  errors  [116]. 


Systematic  tracking  error  is  considered  for  uniform  amplitude 
distribution  of  excitation  n,  when 

n(>H x<°- 

l  1  npH  *>0,  (6.10) 

(npH  =  when) 

while  the  systematic  phase  error  which  occurs  has  the  form 

/  2x  V 

5  51  -50  ("T*J  »  where  Kq  is  the  maximum  value  of  phase  error 


on  the  edge  of  the  array.  The  components  of  tracking  error ,  in 
accordance  with  equations  (6.8)  and  (6.9),  Will  be  equal,  respectively. 


= _ JkA  5 

»  *sln8x,^2«j* 


x  /1.V‘ 

X  Sin  6X,  ^  4  )  * 


Aft  X 
ft”*  2.Y  sin  8*» 


(6.11) 


(6.12) 


Consequently,  sum  error,  expressed  in  fractions  of  radiation 
pattern  width  is  determined  by  expression 


A8r  ■  Jj_ 
XJX  sin  8X,  2n 


(« +•»*)■ 


(6.13) 


Prom  the  graphs  showing  the  dependence  of  tracking  errors  on 
cubic  phase  error  (Pig.  6.1),  it  is  apparent  that  displacement  of 
equisignal  direction  is  the  predominant  tracking  error  in  the 
presence  of  phase  errors.  ^ 

X/Xiindxo 


o  l qjjddiu  <>> 

0  o,i  0,2  0,3  $0,pad 


Pig.  6*1.  Dependence  of  standard  tracking  error  on  the  value  of 
cubic  phase  antenna  excitation  error:  1  -  sum  error;  2  -  error 
from  displacement  of  equisignal  direction;  3  -  error  from  change 
in  direction  finding  sensitivity. 

KEY:  (1)  $0,  rad. 
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Random;  tracking  errors  are,  examined  for  the  case  when  phase 

1  U 

and  amplitude  excitation  field  errors  .have,  normal  distribution.- 
With  average  values  of  phase  errors  equal  to  zero',  uniform  distribution 
of  y »  and'  step-uniform  distribution  of  n>  the  mean-square  values 
of  sum  tracking  error  and  its  components,  in  £his  case,  will^e 
equal  to  [116]  . 


_/  X  \  0,64 _  i 

^Xsln  8**  J  yNM  ^ 


('  X  X  V  0,54  .  « 

jj.  V  2Afslnlx,  J  \ A'  sin  8X|  J  yjjjji  V 


>  i 

(6.14) 


(6.15) 


. .v,— 

v?  \  2X  sin  8i, 


when  N  is  the  number  of  array  elements  along  axis  rx; 
M  is  the  number  of  array  elements  along  axis  y; 
o  is  the  variance  of  phase  error  in  radiants. 


t 

(6.16); 


I 


Figure  6.2  presents  the  dependence  of  these  errors  on  a-.  In 

•  i  t 

this  case,  also  predominant  is  the  error  from  displacement  of  equi- 

signal  direction.  ; 

i 


Fig.  6.2.  Dependence  of 
standard  tracking  error  on  the 
value  of  standard  phase  error 
in  antenna  excitation:  1  -  sum 
error;;  2  -  error  from  displace¬ 
ment  of  equisignal  direction; 

3  -  error  from  change  in  direction 
finding  sensitivity. 

KEY:  (1)  rad. 


6gg 

1/XsinOxo 


% 


0  0,1  0,2 
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Th'e  standard  value  of  sum  tracking  error,  caused  by  random 
amplitude  errors,  isi determined  by  expression  [116] 


.  f  :X  \  1,56  / 

8,0  Vnm  -.a- 


(6.17) 


where  a&  =  =  aAr|  is’ the  standard  value  of  amplitude  error. 

*  S  * 

Graphs  /showing  the  dependence  of  standard  sum  error  on  a&  are 
presented  in  Fi$.  6.3.'  ■ 


.The  above  expressions  for  errors  were  obtained  for  tracking 
in  one  plane;  however,  they  are  also  valid  for  tracking  in  another 
p^ane..  *'  ,  ; 

I  *  ‘ 

1 

The  effecb  of  amplitude  and  phase  errors  can  also  be  evaluated 
from  the  point  of  view  of "variations  in  antenna  radiation  pattern. 

It  is  convenient  to  !use  the  statistical  method  of  calculating 

I  * 

'antennas  [40,  60].  Thus,  with  uniform  current  amplitude  distribution 
of  the  element  along  the  aperture  and  normal  phase  error  distribution 
statistical  calculation  [40,  44]  gives  the  following  generalized 
expression  for  the  averaged  'antenna  radiation  pattern  of  the  array 
with  respect  to  power: 

i  '  ‘  !  •  M  N « 

V  V  /* 

>  '  ■  •  u~-  mn 

'■  V  V  /•  (6.18) 

-  ,  .  1  2b  — 

,  •  ,  ■  hi=I  n-l 


where  F(p,  4>)  is  the  antenna  radiation  pattern  of  the  array  in  the 
absence  of  random  erporsj 

y(0>  4>)  is.  the  coefficient  Of  radiation  pattern  slope,  equal  to 


(0,  y)  •=  cos  0  (cos1 6  cos*  <jp  sin*  <p), 

■  2  1  ‘l 

Oq  is  the  mean  square  of  sum  error ?  equal  to 
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o&  is  the  mean  square  of  relative  amplitude  error; 

? 

■  •  a~£  is  the  mean  square  of  phase  erncr; 

i  is  the  current  in  the  mn-th  element  of  the  antenna,  determined 
by  the  given  distribution  in  the  aperture; 

0,  <J>  are  the  angles  determining  beam  orientation  in  a  selected 
system  of  coordinates  (Fig.  6.4)  _ 


&xo 

X/Xsi  nOxo 


Fig;  6.3.  Dependence  of  standard 
tracking  error  on  the  value  of 
standard  amplitude  error  in  u,< 

antenna  excitation. 


Ufi/VHM 


0,3/Vnm 


0  0,1  0,1  0,3  6a. 


Fig.  6.4.  System  of  coordinates 
for  determining  angle  9  and  4>. 
KEY:  (1)  Beam  direction;  (2) 
Plane  of  array  elements. 
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From  expression  (6.18)  it  is  apparent  that  the  effect  of 
amplitude  and  phase  errors  leads  to  secondary  radiation  determined 
by  the  second  term  of  the  expression,  and,  as  <  ron sequence,  to  a 
decrease  in  the  coefficient  of  directional  action.  The  latter  can 
be  determined  from  the  following  approximation  formula  [40,  44]: 


G_ 

G. 


(6.19) 


where  GQ,  G  is  the  coefficient  of  directional  action  for  the  antenna 
in  the  absence  of  errors  and  with  errors  taken  into  account,  respec¬ 
tively; 


l  is  the  distance  between  elements  of  the  antenna  lattice. 
P 


6.2.2.  The  effect  of  errors  in  field  distribution  along  the 
aperture  of  a  parabolic  antenna  on  direction  finding  accuracy.  With 
respect  to  parabolic  mirror  antennas  the  statistical  method  with 
small  phase  errors  a ^  and  normal  law  of  distribution  gives  [40,  44]' 


_  x  4t$«*of  f 

F  (4,  <?)  =  F  (8,  <p)  +  Mfl,  ?)  -^gT~  CXP  V  / 


(6.20) 


where  u  =  sin  0 ; 

t0  is  the  correlation  interval  expressed  in  wavelengths  and 
corresponding  to  the  average  interval  in  which  errors  in  excitation 
currents  cannot  be  considered  independent. 

Just  as  in  expression  (6.18)  the  first  term  of  expression  (6.20) 
characterizes  the  radiation  pattern  in  the  absence  of  errors,  while 
the  second  term  describes  this  distortion  caused  by  phase  error  in 
field  distribution  along  the  aperture.  Secondary  rar’i/ation  is  propor¬ 
tional  to  the  mean  square  of  the  error,  just  as  in  an  antenna  array,  and 
also  proportional  to  the  square  of  the  correlation  interval  expressed 
in  wavelengths. 


With  small  errors  and  a  small  correlation  interval  the  decrease 
in  the  coefficient  of  directional  action  is  determined,  by  the  approxi¬ 
mation  expression 


_3_ 

4 


A** 


(6.21) 


and  with  a  large  correlation  interval  by  expression 


0 

Gt 


(6.22) 


Thus,  amplitude  and  phase  errors  in  excitation  field  distribu¬ 
tion  along  the  antenna  aperture  lead  to  the  distortion  of  the  radia¬ 
tion  pattern,  which  can  be  manifested,  specifically,  in  a  decrease 
in  the  coefficient  of  directional  action.  Due  to  this,  nonidentity 
of  amplitude  characteristics  for  the  receiving  channels  of  a  mono¬ 
pulse  system  and  an  increase  in  direction  finding  errors  can  occur. 

In  order  to  evaluate  the  effect  of  nonidentity  of  radiation 
patterns  on  target  direction  finding  accuracy,  we  shall  assume  that 
the  amplification  of  one  of  the  receiving  antennas  differs  from  the 
other  by  quantity  AG.  As  is  apparent  in  Pig.  6.5,  a  variation  in 
the  amplification  of  one  of  the  antennas  of  a  monopulse  radar  involves 
the  displacement  of  equisignal  direction  (ESD)  by  quantity  A6Q  and 
is  a  source  of  systematic  direction  finding  error,  linearly  connected 
‘with  the  quantity  of  antenna  nonidentity  with  respect  to  amplifica¬ 
tion. 

Fig.  6.5*  Displacement  of 
equisignal  direction  with  a 
change  in  the  amplification  of 
one  of  the  antennas. 

KEY:  (1)  ESD. 
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The  value  of  systematic  error  can  be  determined  in  the  following 
manner.  Let  Gfl  be  the  amplification  factor  in  equisignal  direction 
under  the  condition  of  identity  for  radiation  patterns;  is  the 
amplification  factor  in  equisignal  direction  during  a  change  in 
the  amplification  of  one  of  the  antennas  by  quantity  AG,  and  p  and 
p '  are  the  steepness"  of  the  radiation  pattern  at  the  working  point 
for  these  conditions.  Then  we  can  write  the  following  relationship: 

•  i  • 

.O'.-AOHrpiU. 


G,|+AG=G',(i-J-|»'A8.).  (6.210 


Substituting  (6.23)  into  (6.24)  and  disregarding  the  quantity 
of  the  second  order  of  smallness,  after  elementary  transformation, 

we  obtain 


„  •  AG,  _L 

a6-=  ariMr?T~G.'4‘ 


(6.25) 


or 


(6.26) 


If  we  assume  the  values  of  the  steepness  of  the  direction 
finding  characteristic  and  the  nonidentity  of  radiation  patterns 
with  respect  to  amplitude,  we  can  determine  the  value  of  angular 
error.  Calculations  show  that  with  a  direction  finding  characteristic 
steepness  of  0.25  1/deg,  radiation  pattern  nonidentity  with  respect 
to  amplification  of  10$  leads  to  systematic  angular  error  or  0.2°. 

If  permissible  angular  error,  in  this  case,  is  taken  as  one  minute, 
antenna  disagreement  with  respect  to  amplification  must  not  exceed 
0.8$. 


Using  formulas  (6.22),,  we  can  calculate  permissible  standard 
error -with  respect  'to  excitation  field  phase  for  a  parabolic  antenna. 
Thus,  with  ’a^larie,’ -correlation,  internal, 


(6.27) 


(6.28) 


When  AQ/G0  -  Q.iv'-cJ^  0^2;  rad '  18. 3° .  With  a  permissible  error 

of  A0q  -  1  min  AG/Gq,  0[;8%  .  Permissible  standard  error  with  respect 
to  phase,  in  this- case ,  ‘is- 

’  •  '  rad  _ 

at=r  (0,b08)!^==0,09  pad  =  5°.  ‘ 


These  are  rather  high  requirements  for  an  antenna  excitation 
field.  Therefore,  higher  requirements  are  imposed  on  accuracy  in 
building  and  ensuring  rigidity  of  antennas  for  monopulse  systems. 


If  unbalance  of  the  antenna  with  respect  to  amplification  occurs 
because  of  random  errors,,, in  the  calculation  of  permissible  phase 
and  amplitude  errors  in  the  excitation  field  distribution  of  array 
and  parabolic  antennas,  we  can> use  formulas  (6.19),  (6.21),  and 
(6.22). 


Let  us  examine  the  effect  on  direction  finding  accuracy  of  non- 
identity  of  amplitude-phase  characteristics  for  receiving  channels 
of  monopulse  systems. 


§6.3.  THE  EFFECT  OF  NONIDENTITY  OF  AMPLITUDE-PHASE 
CHARACTERISTICS  FOR  RECEIVING  .CHANNELS  OF  MONOPULSE 
SYSTEMS  ON  DIRECTION  FINDING  ACCURACY 


The  appearance  of  nonidentity  of  amplitude-phase  characteristics 
for  receiving  channels  is  caused  by  the  difficulties  involved  in 
making  parts  with  strictly  prescribed  allowances,  the  inevitable 
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processes  of  aging,,  and  the  related  changes  in  their  parameters, 
a  possible  detuning  of  circuits  during  equipment , operation,  and 
various  'types  of  mechanical  and  climatic  effects. 

In  studying  the  effect  of  nonidentity  of  amplitude-phase 
characteristics ,  it  is  expedient  that  the  receiving  circuit  be 
divided  into  two  parts:  into  the  high-frequency  part  including  the 
antenna-waveguide  receiving  circuit  up  to  the  i-f  mixer  and  the  part 
of  the  receiving  circuit  operating  on  intermediate  frequency.  The 
advantage  of  this  division,  ensues  from  the  fact  that  in  studying 
the  effect  of  imperfection  in  the  channels  of  the  h-f  amplifier,  we 
can  disregard  the  pulsed  character  of  the  signal  received  since  the 
bandwidth  of  these  channels  is  virtually  always  greater  than  the 
spectral  width  of  the  signal.  As  for  i-f  amplifier  channels,  this 
is  not  always  valid  and  we  should  take  into  account  the  relationship 
between  the  spectral  width  of  the  signal  and  the  bandwidth  of  the 
i-f  amplifier  [55]. 

To  simplify  the  analj  ;  ^  'A  „ne  effect  of  nonidentity  in  the 
amplitude-phase  characteristics,  we  shall  first  examine  the  case 
of  direction  finding  in  a  continuous  signal  emission  mode  when 
we  do  not  talc*  -o  account  limitations  on  the  bandwidth  of  the  i-f 
amplifier.  >3 the  degree  and  character  of  the  effect  of 
imperfections  in  the  amplitude-phase  characteristics  depends,  to  a 
certain  extent,  upon  the  construction  of  the  direction  finding 
system,  we  shall  perform  analysis  with  respect  to  the  most  commonly 
used  types  of  monopulse  systems. 

6.3.1.  The  effect  of  nonidentity  of  amplitude-phase  characteris¬ 
tics  in  an  amplitude-amplitude  monopulse  system  on  direction  finding 
accuracy.  A  simplified  block  diagram  of  an  amplitude-amplitude 
monopulse  system  is  presented  in  Fig.  1.7.  We  shall  assume  that 
the  target  is  tracked  with  small  angular  errors  9  and  linearization 
of  the  radiation  pattern  in  the  region  of  equisignal  direction  is 
valid.  If  the  receiving  channels  have  out-of-phase  quantity  i|>  and 
high-frequency  transmission  factors  (up  to  the  i-f  amplifier) 
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and-' -kg,  signals  at  th<  output  of  the  i-f  amplifier  with  logarithmic 
characteristics  can  be  represented  in  the  form  of  the  following 
expression: 

«,  (/,.•)  =  /f0.,.ln  KtEmF  (8„)(l  ejtp  i  (coBp/  -f-  <j»), 

(6.29) 

m,  (/,  6)  ==  Kt  t  In  k3E1hF  (%)  (1  —  ja9)  exp  i  oapt,  ■  (6.30) 

where  kQ  ^  and  kQ  2  are  coefficients  characterizing  the  steepness 
of  the  amplitude  characteristics  of  the  first  and  second  i-f 
amplifiers  .• 

At  i-f  amplifier  output,  signals  are  defected  and  compared 
with  respect  to  amplitude  by  subtraction,  forming,  with  linear 
signal  detection,  errors  in  accordance  with  expression 

S  (9) = |  «.  (f .  6)  |  ~  1 (/.  6)  1. 

(d.31) 

Substituting  expressions  (6.29)  and  (6. 30),  we  obtain 

s  (»)  =  K. .  fe.  In  (!  +  P0)  -  In  «,£-,(!- pQj. 

(6.32) 


where 

<?.=  •£.  E,  =  E„F( 8.). 

Taking  into  account  the  earlier  assumptions  on  smallness  of 
target  finding  errors,  expression  (6.32)  can  be  simplified: 


S(8)  —  Kot  JgolllKjEo-f-ggln^  — 

-ln*,£,-ln(l  -p«)l  =  K..[in  M§£+(g,+  IW 1.  <«-33> 
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Equating  (6.33)  to  zero  and  solving  relative  to  p0,  we  find 
the  ai.recti.on  finding,  condition  in  the  form 


&«+»)  * 


(6.34) 


With  identical  amplitude  characteristics  for  the  receiving 
channels  (g^  =  1;  =  k2) 


S  (0)  = .% ,  In'Y^p  2/fe  }[i0.  • 


(6.35) 


In  this  case  S ( 0 )  =  0  when  0=0,  which  corresponds  to  the 
condition  of  direction  finding  without  equipment  error. 

A  comparison  of  expressions  (6.3*0  and  (6.35)  shows  that  non¬ 
identity  of  amplitude  characteristics  for  receiving  circuits  of 
amplitude-amplitude  monopulse  systems  leads  to  the  appearance  of 
systematic  direction  finding  errors  whose  value  depends  upon  the 
valu  ■  of  nonidentity. 

If  nonidentity  occurs  only  in  high-frequency  receiver  circuits 
(gQ  =  1  and  k1  1  k2),  the  value  of  direction  finding  error  is 
determined  by  expression 


i—  Jill 

~  2 


(6.36) 


where  g  =  k-^/kg. 

When  k-^  =  k2  =  k  and  gQ  /  1  direction  finding  errors  can  be 
calculated  from  formula 


From  expression  (6.37)  it  follows  that  with  nonidentity  of 
.amplitude  characteristics  of  logarithmic  receivers,  signal  standardi¬ 
zation  is  disturbed  and  error  signal  becomes  dependent  upon  the 
level  of  signals  received.  Thus,  ah  increase  in  the  input  signal 
to  the  square  leads  to  a  doubling  of  direction  finding  errors. 

Figure  6.6  presents  the  dependence  of  generalized  angular  error 
on  nonidentity  of  receiving  channel  transmission  factors,  calculated 
from  formula  (6.36).  If  we  know  the  steepness  of  the  direction 
finding  characteristic  with  respect  to  generalized  direction  finding 
error,  we  can  determine  the  absolute  value  of  angular  direction 
finding  error  with  any  given  nonidentity  of  amplitude  characteristics 
for  receiving  channels.  Thus,  for  example,  if  u  =  0.25  1/deg,  non¬ 
identity  of  channels  with  respect  to  high  frequency  is  10 %  (g  =  1.1), 
equipment  error  in  direction  finding  is  0.2  deg.  It  is  easy  to  cal¬ 
culate  the  permissible  nonidentity  of  amplitude  characteristics  for 
high-frequency  channels  with  any  given  allowable  error. 


.1  tf  9 


Fig.  6.6.  Dependence  of  generalized  angular  error  in  dii'ection 
finding  on  nonidentity  of  transmission  factors  of  receiving  channels 
in  an  amplitude  monopulse  radar. 
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The  dependence  in  Fig.  6  .'6  can  be  used  for  evaluating  direction 
.finding  errors  when  g  =  1  and  gQ  j*  1  if  by  the  quantity  |p0| 


we  mean  the  standardized  quantity 
g0- 


lwB| 

In  kE0» 


and  instead  of  g  we  use 


The  obtained  results  of  analysis  also  show  that  phase  non¬ 
identity  of  receiving  channels  does  not  affect  the  accuracy  of 
amplitude-amplitude  monopulse  systems.  We  can  see  that  the  con¬ 
clusions  with  respect  to  the  effect  of  nonidentity  of  amplitude- 
phase  characteristic  for  receiving  channels  in  amplitude-amplitude 
monopulse  systems  with  logarithmic  receivers  are  valid  also  for 
cases  when  receivers  are  used  with  linear  and  quadratic  characteristics. 

We  have  examined  the  case  of  small  angular  deviations  when  the 
direction  finding  system  operates  in  linear  mode.  In  a  number  of 
cases  because  of  considerable  unbalance  of  receiving  channels  with 
respect  to  amplitude,  direction  finding  errors  can  go  in  value  beyond 
the  linear  section  of  the  direction  finding  characteristic.  In  this 
case,  the  problem  of  finding  direction  finding  errors  is  solved  in 
general  j-orm,  approximating  the  radiation  pattern  with  the  appropriate 
functions.  Since  in  the  great  majority  of  cases  equipment  errors 
are  small,  such  a  complication  of  calculations  is  not  necessary  and 
we  will  not  attempt  it  here. 

Let  us  proceed  to  an  examination  of  another  type  of  monopulse 
system. 

6.3.2.  The  effect  of  nonidentity  of  amplitude-phase  characteris¬ 
tics  for  receiving  channels  of  an  amplitude  sum-difference  monopulse 
system  on  direction  finding  accuracy.  A  simplified  block  diagram  of 
an  amplitude  sum-difference  monopulse  direction  finding  system  is 
presented  in  Fig.  1.9.  Let  the  transmission  factors  of  the  high- 
frequency  receiving  circuits  up  to  the  sum-difference  converter 
be,  respectively,  k1  and  k2,  and  nonidentity  with  respect  to  phase 
be  expressed  by  quantity  ij>.  Then  the  sum  and  difference  signals  at 
summator  output  can  be  represented  by  the  following  expressions: 


#)]= 

*f4)expi«flt 

t,\t,  9)=-^  i m,  tf>-e,%m=  ■  '• 

= £i  l(i  4-  }i0)  exp  i’H  4*  2(1.— ft8)  exp  i  ®f], 

•  * 

where  E-^t,  ^  and  E2^fc’  0)  are  ma^heniatical  -expressions  of  signals 
received  by  the  first  and  second  high-frequency  receiving  channels: 

At  i-f  amplifier  output  of  the  sum  and  difference 
respectively,  we  obtain 

«C (t,  6) — E0tcc  {(!  -}- 1*3)  exp  i  K J *H + Y)  + 

4-g(l  — 1*0)  oxp  i  («np/  -|-  y)1. 


•  «P(/,  6) «* £>P [(1 4- 1*3) exp i («W 44)  ~ 

—  g  (1  — 1*0)  exp  I 

where  k  and  k  are  the  transmission  factors  of  the  sum  and  difference 
c  p 

channels,  respectively; 

Y  is  the  quantity  of  phase  nonidentity  for  sum  and  difference 
channels . 

In  the  error  signal  detector  of  the  direction  finding  system 
the  sum  and  difference  signals  are  multiplied  and  high-frequency 
components  filtered.  Because  of  this,  error  signal)  taking  standard¬ 
ization  with  respect  to  sum  signal  into  account,  can  be  represented 
as 

S  t=i  ^QUe^’  0)a*p(f>  3)  - 

w  u0(t,  e) «%(/,«)  “• 

'  >Cp{f(l-H*6)»-g«(l-t*8)»l  cos y  j. 2g(l—}*»8») sin  $ sin?) 

.  «c((l+^)*4  g*(»“l*0)8  +  2g(!-H.*0»)cos^).  *  (6.42) 


channels. 


(6.40) 


(6.41) 


(6.38) 


(6.39) 
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Hence  the  condition  for  target  finding  is  determined  by 
equation 

((1  h-6)* — g*(l  —  ja0)*I  cos  Y + (l  —  sin  sin  ^  0.  • 

■  -  ■  '  (6.43) 

Solving  this  equation  with  respect  to  p0,  we  obtain  the 
following  expression  determining  the  value  of  generalized  angular 
direction  finding  error  as  a  function  of  the  character  and  value  of 
nonidentity  of  amplitude-phase'  characteristics  for  receiving  channels 
in  an  amplitude  sum-difference  monopulse  system: 

i  ■ 

* _  -U  +  g8) ± 2g */H-ig*ysin+.; 

^  (l  —g8)  ”•  tg  t sln  ♦  (6.44) 

Of  practical  value  is  the  solution  with  a  plus  sign  determining 
the  steady  state  of  the  direction  finding  system -with  comparatively 
small  angular  errors.  Solution  with  a  minus  sign  gives  higher  value 
of  generalized  errors  and  is  not  valid  with  the  assumption  made  on 
operation  in  a  linear  region  of  the  direction  finding  characteristic. 

With  identical  characteristics  of  receiving  channels  expression 
(6.42)  is  transformed  into  the  familar  expression  corresponding 
to  the  case  of  direction  finding  without  equipment  errors: 


5(0)  =n9. 


(6.45) 


Differentiating  expression  (6,42)  with  respect  to  0,  we  find 
the  expression  for  steepness  of  direction  finding  characteristic 
at  the  working  point : 

‘  -  i  —  fgg  C0S  Y-fcosQfr  -f  y)  4-  g*  cos  (fl  —  y)! 

-  *:|«=o  #e  ,  (1+  g*  +  2g cos <|.)*  #  *  (6.46) 

Comparing  expressions  (6.42)  and  (6.45),  we  see  that  nonidentity 
of  amplitude-phase  characteristics  for  receiving  channels  affects 
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direction  finding  errors.  In  order  to  understand  the  character  of 
the  dependence  of  direction  finding  errors  on  nonidenti^y  ofi 
receiving  channels,  we  shall  examine  a  number  of  particular  cases..  ' 

i , 

Case  1.  Amplitude-phase  characteristics  of  sum  and  difference 
channels  are  identical;  high-frequency  channels  are  identical  with 
respect  to  phase  but  nonidentical  with  respect  to  transmission  • 
factor.-  ±n  this  case  k  =  k  =  k;  y  *  0;  =  0;,  g  /  i. 

pc  ,  _ 

I 

Substituting  these  values  into  expression  (6.44)  and  performing 
elementary  transfo'rmations ,  we  obtain  the  equality 


u0=^ll, 

P  .6+ 1’ 


(6.47) 


indicating .that  nonidentity  of  amplitude  characteristics  for  high- 
frequency  channels  in  an  amplitude  sum-difference  monopuls.e  system 
leads  to  a  displacement  of  equisignal  direction  and  additional 
direction  finding  errors.  , 

i  .  i 

Since  high-frequency  receiving  circuits  in  a  sum-difference  i 
direction  finding  system  usually  do  not  contain  effective  elements, 
their  identity  generally  will  depend  upon  the  identity  of  their 
matching  and  electrical  length  in  the  operating  frequency  band.  i 
Therefore,  when  designing  and  making  the  waveguide-feeder : lines 
which  are  the  high-frequency  channels  of  a  direction  finding  system, 
we  should  give  particular  attention  to  their  quality  and  accuracy.  1 


ft  m 


£SM 


r3  — *■ 

M,, 

•  ■  £c(tt°h 


Pig.  6.7.  Diagram  of  a  slotted  balance  bridge. 
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One  of  the  important  elements  of  high-frequency  circuits  in 
monopulsq  radars  is  the  waveguide  -bridge  for  sum-difference  signal 
'■  processing.  This  bridge  is  illustrated  in  Pig.  6.7  where  matching 

i  •  1 

in  the  arms  is  characterized*  by  complex  reflection  factors  1^,  and 
i  the  elements  of  phase  tuning  are  conditionally  illustrated  by  the 
.  shaded  inserts .  ' 

I  ,  1 

i  i  '  1 

In  reference  [131]  it  is  shown* that  taking  into  account  im- 
1 perfect  agreement,  of  arms,  the  sum  and  difference  signals  at  bridge 
output  can  b,e  represented  iri  the  form  of  .the  following  complex 
expressions,:  .  j 

E  n  m _  UE'  {L  11  ^  {t'  M + r itjlL. 

s"  ’  ,  /  d  1  +  r,  r,  f, r4  +4*  (r.  +  ?*) (r. + r<) 

i  z  '  J  (6.48) 


.  '  '  L  v.  ’  Q. _  j  fg,  (jf„  0)  (i  + 1*:  r«)  -  E*  gJH !  +  ft jjlL, t 

;  yr  J  i  +  ft  ft ft  ft +  -§-  (ft  +  r*) +  ft) J 


(6.49) 


wher^,  with  respect1  to  amplitude  direction  finding, 

i  1  £,  (t,  0)  =  En.F  (0 j (1  + 1*0)  exp  i  «/, 

'*  I 

'  £l((,  «)=£mF(9„)(l 


(6.50) 

(6.51) 


Because  of  the  fact  that  thp  quantities  are  complex  quantities, 
unmatching  of  bridge  arms  causes  not  only  a  change  in  amplitudes 
of  sum*  and  difference  signal1,  but  also  a  phase  shift  between  these 
signals.  ‘  ;  s  : 

ii. 

f  ‘  Disregarding  phase  signals  for  the  sake  of  simplification, 
the  direction  finding  characteristic  of  an  amplitude  sum-difference 
monopulse  system  taking  into  account  matching  in  the  waveguide 
bridge  can  be  represented  in* the  form 
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'! 

o/«\ __  Rc^fl [t.  0)  E*v(t,  6)  „ 

f (i 4-  p-6)(i  +T,r4) -(1- p.6)(i4-rtr4)it(i+>8)(i-f  _ _ 
- (0+ h-9)  (» +  rtr,).+ 

4-r,r,i-4-d-p.9Hi  +  r,r>)] 


Equating  the  numerator  to  zero  and  solving  the  equality  with 
respect  to  p0-,  we  find  the  dependence  determining  direction  finding 
error  caused  by  the  nonidentity  of  waveguide  bridge  channel  matching: 


jt6  = 


r«<r,-r t>  , 
2+r«(rt  +  r,) 


(6.53) 


Since  the  reflection  factor  is  connected  with  the  standing 
wave  ratio  (SWR)  by  the  familiar  expression 

n  KCB-1 

KCB+l’  •  •  (6.54) 

The  relationship  y0  =  f(r)  can  be  considered  p0  =  f(SWR)  and 
possible  errors  from  arm  mismatch  in  the  waveguide  bridge  can  be 
evaluated  directly  in  terms  of  the  permissible  values  of  the  corres¬ 
ponding  standing  wave  ratios. 

Case  2.  Sum  and  difference  channels  are  identical  with  respect 
to  characteristics j  high-frequency  channels  are  identical  with 
respect  to  transmission  factor  but  nonidentical  with  respect  to 
phase.  In  this  case  kc  =  kp  =  k;  Y  =  0;  g  =  lj  i|i  ?  0  and  expression 
(6.44)  assumes  the  form  p0  =  0.  This  means  that  regardless  of 
the  value  of  phase  nonidentity  for  high-frequency  channels,  there 
is  no  zero  shift  for  the  direction  finding  characteristic.  But  this 
still  does  not  mean  that  the  operational  capability  of  an  amplitude- 
difference  monopulse  direction  finding  system,  under  the  examined 


•  i 

A 

i 


A 
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conditions-,  remains  normal  since  it  is  unknown  how  steepness  of 
the  direction  finding  characteristic  changes  in  this  case. 

f 

Using  expression  (6.46)  and  applying  it  to  this  case,  we  obtain 

^(8)1  „ 

|#=0  (l  +  cos$)*  (6.55) 

In  normal  direction  finding  conditions  iji  =  0,  and 


tfS(  8) 
</« 


When  \p  -  it  expressions  (6.38)  and  (6.39)  are  transformed  as 
Ec  (/,  0)  =  £o[g0  ~  H-0) exp  i  u>/ — (l  -f-  jt  6)  exp  i  o>/]v 

(6.56) 

Ep  (/,  0)  =  —  E 0  [g  (1  —  jiO)  exp  i  u>/  ■-}-  (1  -{-  p,0)  exp  i  to/).  (6.57) 

Functionally  the  channels  change  places;  the  sum  channel  becomes 
difference  and  the  difference  channel  sum.  Due  to  this,  the  operational 
ability  of  the  direction  finding  system  breaks  down  completely. 

Substituting  ip  =  tt  into  (6.55),  we  find 


</S(Q)|  _ 

M  Uo"00’  (6.58) 

which  is  a  consequence  of  standardization  with  respect  to  difference 
signal,  equal  to  zero  when  0  =  0.  This  case  is  illustrated  in 
Fig.  6.8  where  radiation  patterns  with  respect  to  sum  and  difference 
channels  are  presented  schematically.  There,  however,  for  comparison 
are  presented  the  corresponding  radiation  patterns  when  41  -  0, 
corresponding  to  the  normal  operating  conditions  of  a  direction 
finding  system. 
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When  ip  <  it,,  as  we  can  see  from  the  expression  (6.55).,  the 
•steepness  of  the  direction  finding  characteristic  increases.  If 

1J 

0  ,  ,comp:lication  in  the  waveguide  balance  bridge  occurs  in 

quadrature,  due  to  which  at  output  of  the  sum  and  difference  arms 
of  the  .bridge  equal  signals  are  obtained  regardless  of  the  ratio 
of  received  signal  amplitudes,  i.e.,  regardless  of  the  angle  of 
displacement  (Pig.-  S-.9)'.  ‘  "The  operational  ‘capacity  ‘of  ‘the  servosystem, 
jn  this  case,  is'  not  hampered  since  angular  information  contained 
in  the  amplitude  ratio  of  signals  received  by  independent  channels 
converts  to  phase  difference  of  sum  and  difference  signals.  Since 
this  phase  difference  in  equisignal  direction  is  90° ,  the  output 
signal  of  the  phase  detector  in  the  absence  of  mismatch  is  zero 
and  the  servosystem  maintains  its  operational  ability. 


Pig.  6.8.  Radiation  patterns  for  difference  and  sum  channels:  a) 
wfen  ip  =>  Oj  b)  when  ip  =  tt. 


Pig.  6.9*  Vector  diagram 
Illustrating  the  formation  of 
sum  and  difference  signal  when 

4>  =  ir/2. 


A 
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We  should  mention  that  a  90°  shift  of  signal  circuit  preceding 
the  sum-difference  processor',  in  a  number  of  cases,  is  specially 
used  for' information  . conversion^' [ *15}  122]. 

When  ip  ?  j  and  ip  /  0  the  sum  and  difference  signals  are  out 
of  phase.  The  state  of  the  direction  finding  system  with  which 
channels  are  out  of  phase  can  be  considered  undesirable,  leading 
to  a  crossover  of  channels  and  a  disruption  to  some  degree  of  its 
stability. 


Case  3.  High-frequency  circuit  of  receiving  channels  are 
identical  in  amplitude-phase  characteristics;  sum  and  difference 
channels  are  identical  in  amplitude  but  nonidentical  in  phase.  In 

this  case,  g  =  l;kc  =  kp=k;t|>  =  0;Y^0  and  direction  finding 
conditions  are  determined  in  accordance  with  (6.42)  and  (6.46)  by 
expression 

S(6)  =  h0cosy,  co. 

•  In  CO  1 


dS(  8) 
dd 


=  11  COS 
8=0  , 


(6.60) 


Equality  S(0)  =  0  is  fulfilled  when  0=0.  This  means  that 
zero  shift  of  direction  finding  characteristic  is  absent.  The 
presence  of  phase  nonidentity  affects  direction  finding  sensitivity 
and  steepness. 


When  y  =  +  90°  error  signal  in  the  direction  finding  system 
becomes  equal  t,o  zero  regardless  of  the  value  of  the  displacement 
angle.  Operation  of  an  automatic  tracking  system,  in  this  case 
becomes  impossible.  When  90°  <  y  <  2?0°  the  steepness  of  the  direction 
finding  characteristic  becomes  negative,  which  is  equivalent  to  out- 
of-phase  condition  and  loss  of  stability  in  the  servosystem  of  the 
direction  finder. 


Thus,  it  is  impossible  to  disregard  phase  nonidentity  of  sum 
and  difference  channels.  Although  it  does  not  lead  to  direct  dis- 


.placement:  o.f  equisignal  direction,  its  value  must  lie  within  a 
cert jain- •permissible  range.  'The  value,  of  permissible  nonid'?ntity 
can  be  determined  based  on  the  permissible  decrease  in  direction 
finding  sensitivity.  Thus,  for  example,  if  the  permissible  sensi¬ 
tivity  drop  is  50J6 ,  then  the  permissible  out-of-phase  condition 
‘for  siim  and" difference  channels  must  hot  exceed'  y '  =  +  ’'60°’  T 

Case  4.  High-frequency  circuits  for  receiving  channels  are 

'identical  in  amplitude-phase  characteristic;  sum  and  difference 

channels  are  identical  in  phase  but  nonidentical  in  amplitude.  In 

this;  case  g  =  l;tJ>«0;Y  =  0;  k  ^  k  and  direction  finding 

c  p 

conditions  are  determined  by  expressions 


S(9)  =  i'-|>6. 


(6.61) 


. 


(6.62) 


\  Error  signal  equals  zero  when  8  «  0  and  a  shift  in  equisignal 
direction  of  the  direction  finding  characteristic  does  not  occur. 


The  effect  of  nonidentity  of  sum  and  difference  channels  is 
apparent  only  on  direction  finding  sensitivity,  which  can  be  char¬ 
acterized  by  formula 


K0""x  »>o 


(6.63) 


Change  in  sensitivity  is  directly  proportional  to  unbalance  of 
one  of  the  channels  with  respect  to  transmission  factor.  Thus,  if 
the  permissible  sensitivity  less  is  expressed  by  quantity  0.5,  the 
transmission  factor  of  the  difference  channel  must  not  be  less  than 
half  the  transmission  factor  of  the  sum  channel. 


Case  5.  Receiving  channels  before  and  after  sum-difference 
converter  are  identical  in  amplitude  characteristics  but  nonidentical 
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in  phase  characteristics.  In  this  case,  g  =  1;  k  =  k  =  k; 

c  p 

^  ¥  0,  y  •/  0  and  direction  finding  conditions  for  the  system,  as 
follows  from  (6. 44)  and  (6.46)'i  are  determined  by  expressions 


*  1  +  Vl  +  sin*  Mg*Y 

110  —  sin -Mg  t 

(6.64) 

<rfS(0)l"  2|1  cos  v 

M  |9=o  (*+««♦>  ’ 

(6.65) 

Expression  (6.64)  is  analogous  to  the  expression  obtained  by  a 
somewhat  different  method  in  reference  [86]. 

When  ip  =  0,  y  /  0  (case  3)  p0  =  0.  / 

The  effect  of  phase  unbalance  is  apparent  only  in  the  direction 
finding  sensitivity.  When  y  -  0,  i|>  /  0  (case  2);  similarly  p0  =  0. 
Thus,  systematic  selection  finding  errors  appear  only  during  phase 
nonidentity  of  high-frequency  circuits  and  sum  and  difference 
channels  simultaneously. 


Fig.  6.10.  Dependence  of  generalized  direction  finding  error  on 
value  of  out-o*f-phase  condition  for  sum  and  difference  receiving 
channels  calculated  with  various  values  for  out-of-phase  condition 
of  high-frequency  channels. 

KEY:  (1)  deg. 
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Figure  6'.  10  presents  the  values  of  generalized  errors  calculated 
according  to  formula  (6.64)  for  various  values  of  out-of-phase  con¬ 
dition  for  receiving  channels.  Using  calculated  data  and  prescribing 
the  yal'ue  of  direction  finding  sensitivity  we  pan  determine  angular 
systematic  error  as  a  function  of  the-,  value  of  phase  nonidentity  of 
channels  in  an  amplitude  sum-difference  monopulse  system.  Thus, 
for  example,  when  y  =  0.25  1/deg,  y  =  45°,  i|»  =  10°  and  45°,  systematic 
angular  error,  respectively j  is  0.35°  and  1.27°.  If  permissible 
error  is  taken  as  one  minute,  nonidentity  in  phase  of  high-frequency 
.circuits  with  y  =  45°  must  not  exceed  i p  =  0.5°. 

Results  of  analysis  show  that  amplitude  sum-difference  monopulse 
systems  unlike  amplitude-amplitude  monopulse  systems  require  a 
rather  high-quality  in-phase  condition  for  high-frequency  receiving 
channels. 

Taking  into  account  the  substantial  effect  of  phase  unbalance 
in  high-frequency  circuits  on  target  finding  accuracy,  in  designing 
a  radar  the  waveguide  bridge  intended  for  sum-difference  signal 
processing  should  be  located  as  near  as  possible  to  the  antenna 
in  order  to  reduce  the  possible  nonidentity  with  respect  to  phase 

in  high-frequency  circuits. 

* 

Without  going  into  a  detailed  analysis,  we  should  examine 
a  method  for  analyzing  the  effect  on  direction  finding  accuracy 
of  nonidentity  in  amplitude  phase  characteristics  of  receiving 
channels,  taking  into  account  the  nonlinearity  of  the  direction 
finding  characteristic.  For  this  we  shall  approximate  the  amplitude 
radiation  pattern  with  respect  to  voltage  by  a  Gaussian  curve  [44]: 

where  =  2,776/e0,-, 

6«  e  is  the  width  of  the  antenna  beam 
power  level. 


(6.66) 

with  respect  to  half- 
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For  -the  case  of  mutually  independent  feeds,  signals  at  antenna 
output  in  each  channel  will  be  proportional 


£,(/,  ())=£(/)  exp  [-4  (8. -6)']. 


(6.67) 


£,(t,  «)=  £(()  exp  [-4 (».  +  #)“]. 


(6.68) 


where  E(t)  is  a  function  determining  the  signal  entering  antenna 
system  input  from  the  target. 

The  signal  in  the  sum  and  difference  channel  can  be  expressed 


Ea(t,  6)=  E(i)Fc{K  8). 


(6.69) 


Ev(t,  ty 


(6.70) 


where  Fc(0q,  Fp^90’  9^  are  the  sum  and  difference  radiation 
patterns  with  respect  to  voltage. 


Obviously , 


j’.tv  «)=4?  {®p  [-■ r  (*.-v]+ 

=  |/2exp  [-4 (O’  +  #')]  ch(aa08.fl). 


(6.71) 


Analogously  we  can  show  that  the  difference  radiation  pattern 


Fp  (0O.  0)]—  i/2oxp[^~~  (0q  +  6:)j  sh  (^.Oo0)* 


(6.72) 
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With  a  given  approximation  of  radiation  patterns  the  direction 
finding  characteristic  of  the  system,,  without  taking  into  account 
noniclentitie^  of  the  amplitude-phase  characteristics  for  receiving 
channels ,  can  be  represented  in  the  form 


1  /?«  (/,  6)  £*e  (<,  0)  ~  t{l  K 


(6.73) 


The  expression  obtained  shows  that  error  signal  is  related  by 
nonlinear  dependence  with  the  angle  of  target  deviation  from  equisigna 
direction  and  only  with  small  angular  errors  can  it  be  expressed 
by  linear  function 


S{6)«a*M- 


(6.74) 


Steepness  of  direction  finding  characteristics  in  equisignal 
direction  is  defined  as 


6,3.3*  The  effect  of  nonidentiljy  in  amplitude-phase  oharacteris 
tics  of  receiving  channels  for  a  phase-phase  monopulse  system  on 
direction  finding  accuracy.  A  simplified- block  diagram  of  a  phase- 
phase  monopulse  system  is  presented  in  Pig.  1.8. 

Earlier  it  was  shown  that  signals  at  output  of  the*  first  and 
second  channels  of  the  antenna  in  such  a  system  can  be  represented 


by  expression 

E,(t,  i)-E„P  (0)  exp  i 

(6.77) 

&((,  9)  =  £„F(0)expi 

(6.78) 

Let  us  assume  that  transmission  factors  for .receiving  channels 
are  k-j  and  k2>  respectively,  and  phase  shift  in  one  channel  is 

00°  +  ip.  Then  at  the  amplifier  channel  output  we  have 

«» (f»  ®)  —  Uot?  exp  i  -f- 

(6.79) 

u2{t,  G)=-l/0ii>exp  i^a>npf  —  ^-+90+^, 

(6.80) 

i 

and  at  phase  detector  output,  taking  into  account  limitation  of 
signals  with  respect  to  amplitude  in  the  receiving  circuits 

S  (9)  ~  Re  «x  (/,  0)  u* s  (/,  0)  =  Re  k$  w  U2oTg  exp  i  (A<p —90  — 

(6.81) 

Substituting  into  (6.8l)  the  value  of  A<|)  and  equating  error 
signal  to  zero,  we  obtain 


or 


,  2itl  .  .  ,  , 

«y-smO  =  —  <{> 


(6.82) 


*  X 
2 sT 


(6.83) 


sm  8  =  — 


With  automatic  target  tracking  angular  errors  are  comparatively 
small  and  sin  0  =  9.  Hence  it  follows  that 


(6.84) 


8m“  2s*  (6.85) 


Equality  (6.85)  shows  that  phase  unbalance  of  receiving  channels 
leads  to  the  appearance  of  angular  direction  finding  errors  directly 
proportional  to  the  value  of  phase  unbalance.  Direction  finding 
errors  for  phase  servosystems  do  not  depend  upon. the  value  of  the 
measurable  phase  difference  caused  by  target  deviation  from  equi- 
signal  direction  [65]. 


As  for  amplitude  unbalance  of  receiving  channels,  the  use  of 
limitation  excludes  its  effect  on  direction  finding  accuracy  in 
phase-phase  monopulse  systems.  This  agrees  with  the  conclusion  in 
reference  [55 3. 

6.3.4.  The  effect  of  nonidentity  of  amplitude  phase  character¬ 
istics  for  receiving  channels  of  a  phase  sum-difference  monopulse 
system  on  direction  finding  accuracy.  A  simplified  block  diagram 
of  a  phase  sum-diffei-ence  monopulse  system  is  presented  in  Fig.  1.11. 
The  same  designations  for  phase  and  amplitude  nonidentity  are  U3ed 
as  were  used  in  our  study  of  amplitude  sum-difference  monopulse 
systems.  Signals  at  waveguide  bridge  output  can  be  represented  in 
a  form  of  the  following  expressions : 

Ee{t,  0)  =  £o[expi(®/  +  T*+,{')*f 

(6,86) 
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where 


£„«,  8)=£.[expi(«/+^-4-t)' 

—  gcxpi^of  — 


£(=-i?£nlf(e)K,. 


(6.87) 


At  the  output  of  the  sura  and  difference  channel 

Hc  (i t ,  0)  as  E0Kc  [exp  i  ^np<  +  ^  +* 

./  .  *  +  gexpi.(a>np/--J-)j, 

uv(t,  0)=£#/ifp[expi^®np<  +  ^-+ 

+ + 1  ~ -f)  “  ^  exP 1  (“n^  “  T- + Y  “  t)  ] ' 


(6.88) 


(6.89) 


At  phase  detector  output,  taking  into  account  sum  signal 
standardization , 

g/Q\_  ReHe(f,  6)  q»p(ft-B) 

(<.  8)  »%  (*.  8) 


Kp_  [(1  —  g)»  sin  y  -f  2 g  sin  (A?  -f  4>)  cos  y] 
*e  (1  +g)J  +  2g  cos  (A?  +  *) 


(6.90) 


Hence  the  condition  of  equilibrium  f of  ' the  direction  finding 
system  is  determined  by  equation 


(1  — ■  g")  sin  Y  -f  2  g  sin  (A<p  -{•  <j>)  cos  y = 0. 


(6.91) 


Solving  this  equation  relative  to  A<J>,  we  find 


A<p = arcsin  [  tg  Y  J  — 


(6.92) 


Substituting  into  (6.92)  the  value  of  A<f>  =  Id  and  taking 
into  account  equality  eQ  ^  =  X/l,  we  obtain  the  following  formula 
for  direction  finding,  error : 
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I 


I 


(6.93) 

i 


Let  us  examine  a  number  of  practical  cases. 


Case  1.'’Higft- frequency  "circuits  are  identical  in  phase  but  non¬ 
identical  in  transmission  factor:  sum  and  difference1  channels  have 
identical  amplitude-phase  characteristics.  In  this  case,-  ij»  =  0; 
g  /  ij  kc  =  k  =  k;  y  ?  °.  , 

i 

Substituting  these  values  into  equations  (6.90)  and  (6.93) »  we 


i 


find 


c  /n\ ggfoig _ 1 

■  — (  r+g*)+‘2gcosAf 


t 


.  I 

(6.9*0 


i 


Consequently,  amplitude  unbalance  for  the  high-frequency  .part  : 
of  the  receivers  in  a  phase  sum-difference  system. does  not  especially 
affect  direction  finding  accuracy;  the  zero  of  the  direction  finding 
characteristic  is  not  shifted  and  only  direction  finding  sensitivity 
changes,  but  Insufficiently. 


i 

Case  2.  Sum  and  difference  channels  are  identical  in  character¬ 
istics;  high-frequency  channels  are  identical  in  transmission  factor  . 

■ 

but  nonidentical  in  phase  shifts.  In  this  case,  k  =  k  =  k; 

Y  =  0;g  =  l;i|)^0  and  for  comparatively  small  direction  finding 
errors  1 


S(0)  = 


sin  (A?  -f.  41)  __ 

1  -f  cos  (Ay  -}-  4)  ■  2  * 


(6.95) 


! 

(6.96) 
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I 

As  in  a  phase-phase  monopulse  system,  direction  finding  error 

i 

is  directly  proportional  to  the  value  of  phase  nonidentity  for  hjgh- 
frequency  ctiannels.  The  sign  of  the  error  depends  upon  what  channel 
has  the  greater  phase  delay. 


i  s 

Case  3.  High-frequency  circuits  are  identical  in  characteristics; 
sum  and  difference  channels,  are  identical  in  phase  but  nonidentical 
in  transmission  factors.  In  this  case. 


&  —  1 5  *J*  —  0;  Y  ’ —  0;  Kp, 

’■  "  S(0)=  ‘ 


(6.97) 


.'  t/S  (8)  I-  „ 

db  jg— o  «e  A  Kc  » 


(6.98) 


!  ' 

where  m  is  the  steepness  of  the  direction  finding  characteristic  of 
the  system  with  identical  receivi  sg  channel. 


Obviously,  unbalance  of  sum  and  difference  channels  with  respect 

•  i 

to  transmission  factors  does  not  give  a  zero  shift  of  direction 
finding  characteristic  and  .only  sombwhat  affects  direction  finding 
sensitivity  fof  the  system. 


i 

Case  ‘High-frequency  circuits  are,vlden*’tical  in  characteristics; 

sum  and  difference  .channels  are  identical  ’in  transmission  factors 

but  nonidenbical  in  phase.  In  this  case,  g  =  l;if>  =  0;k  =k  =k; 

.  P  C 

Y  ^  0  and  according  bo  expression  (6.95)  9/6q  ^  =  0,  which  corresponds 

to  the  absence  of  shift  of  equjLsignal  direction. 


f  The>  direction  finding  characteristics  and  its  steepness  for 
this  case,  in  accordance  with  expression’ (6.90) ,  can  be  represented 
by  equation 


S(9)  = 


T^^cost^lg^cosir, 


1 


I 


dS{  8) 
I  db> 


T- 


(6.99) 


[US] 


The  effect  of  phase  rtcnidentity  for  sum  and  difference  channels 
is' manifested,  as  can  be  seen  from  expressions  (6 .99)  and  (6.100),, 
in  the  change  im direction  finding  sensitivity. 


When  y  =  +  |  S(0)  =  0  and 


0,  error  signal  becomes 


equal  to  zero  regardless  of  antenna  displacement  angle  with  target 
direction.  When  90  <  y  <  2,70°  the  sign  of  the  direction  finding 
characteristic  steepness  and  the  error  signal  change  to  the  reverse. 
Out-of-phase  condition  of  the  coordinate  system  sets  in,  leading 
to  Its  unstable  state.  With  phase  shift  y  60°  direction  finding 
sensitivity  drops  no  more  than  half  as  compared  with  the  case  when 
ajnplitude-phase  characteristics  of  channels  are  identical. 


We  should  note  that  the  character  of  the  effect  of  amplitude 
and  phase  nonidentity  for  sum  and  difference  channels  on  direction 
finding  accuracy  in  amplitude  and  phase  systems  is  Identical  since 
in  those  types  of  systems  the  same  angle  discriminator  is  used. 


Ca^e  5.  Receiving  channels  before  and  after  sum-difference 
converters  are  identical  in  amplitude  but  nonidentical  in  phase 
characteristics.  In  this  case,  g  =  1,  kQ  =  kp  =  k;  ^  0;  y  ?  0 
and  t/he  basic  direction  finding  properties  of  the  system  are  determined 
by  the  following  expressions: 


I 


sin  (Af  -f  4) 

1  +  cos  (A?  +  4) 


cos  Y  =  tg  cos  Y, 


(6.101) 


dS  (0) 
~~dT 


(6.102) 


where  0p  =  5  is  the  working  point  of  the  direction  finding 

characteristic,  determined  in  accordance  with  the  expression  obtained 
from  (6.93): 


(6.103) 
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These  expressions  show  that  with  phase  nonidentity  for  receiving 
channels  before  and  after  the  sum-difference  converter  in  a  phase 
sum-difference  monopulse  system  there  occurs  zero  shift  of  the 
direction  finding  characteristic  (systematic  error)  and  the  direction 
finding  sensitivity  drops  (dynamic  errors  increase). 

A  comparison  of  results  of  this  analysis  enables  us  'to  conclude 
that  in  systems  with  sum-difference  angular  discriminators  we  can 
impose  less  rigid  requirements  on  amplitude  and  phase  stability  of 
i-f  amplifiers  than  we  do  in  systems  with  amplitude  and  phase 
angular  discriminators. 

§  6.4.  SUPPLEMENTARY  REQUIREMENTS  FOR  IDENTITY  OF 
AMPLITUDE-PHASE  CHARACTERISTICS  OF  RECEIVING 
CHANNELS  DURING  THE  USE  OF  WIDE-BAND, 

CONTINUOUS  AND  QUASICONTINUOUS  SIGNALS 

The  use  in  monopulse  systems  of  wide-band  sounding  signals 
(frequency-modulated  pulse®,,  continuous  signals  with  frequency 
modulation)  leads  to  additional  requirements  in  the  design  of  these 
systems.  This  is'  connected  with  the  fact  that  in  practice  signal 
processing  differs  from  optimal  and  with  various  furms  of  signal 
there  occur  additional  angular  errors  C  45 ] . 

Usually  the  antenna  systentis  sufficiently  wide-band  and  does 
not  distort  tne  form  of  the  signals  received  and,  consequently, 
additional  requirements  generally  pertain  to  information  converters 
and  angular  discriminators. 

We  shall  examine  briefly  these  requirements  with  respect  to 
several  forms  of  sounding  signals. 

6.4.1.  Direction  finding  on  signals  with  frequency  modulation. 
When  using  frequency  modulation,  information  converters  must  perform 
their  function  on  any  frequency  contained  in  the  spectrum  of  the 
signal  received. 


The  use  of  a  double  waveguide  T-joint  ensures  sufficient  wide¬ 
band  conditions  for  an  informatio',  converter.  As  for  phase  switchers 
they  perforin  their'  function  only  with  small  relative  frequency 
deviations.  We  see  this  in  the  example  in  [*15]. 


Let  at  input  of  a  monopulse  system  a  signal  with  linear 
frequency  modulation  enter 


fc{t)  =  Em  exp  i  at. 


(6.10*0 


a 


where  w  =  w0  +  u>*(t-0.5TH)  is  instantaneous  frequency; 
«)n  is  mean  signal  frequency; 

v  Aii 

a)*  *  is  the  signal  frequency  change  rate; 

Th  is  the  frequency  modulation  period. 

The  instantaneous  phase  of  this  signal  is 


<?=  J  adt~  (a,  —  O.SoT,)  t  6,5®'/*  ?4.  (6.105) 

The  phase  switcher  can  be  similar  to  the  delay  device.  T’.ien 
the  phase  of  the  signal  delayed  by  time  t  is  determined  by  expression 


— to — o.Su'T  „)  (t  4-  %) +o,5®'  (t 


(6.106) 


and  phase  difference  corresponding  to  time  shift  t  is  determined 
by  the  following  time  function: 


Af  j=s  <pt  — :  f  =  (®,  ~  0,o®T H)  x + ®^’C  0,5®V. 


(6.107) 


In  accordance  with  this,  error  signal  at  output  of  angular  * 

discriminator  during  target  .finding  on  signals  with  frequency  modula¬ 
tion  will  also  be  a  function  of  time,  which  reduces  direction  finding 
accuracy  and  the  interference  immunity  of  the  system.  * 
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To  exclude  the  dependence  of  phase  difference  on  time,  it  is 
necessary  to  have  either  a  signal  delay  time  variable  provided  by 
the  phase  switcher  with  phase  shift  independent  of  frequency  (within 
the  frequency  spectrum  of  the  signal)  or  small  relative  frequency 
deviations  when  A<j>  -  WqT. 


If  the  carrier  frequency  of  signals  received  is  modulated 
according  to  harmonic  law: 


(0=<oo+Aco  sin  Cit, 


(6.108) 


where  Aio  is  frequency  deviation  and  Q  is  modulation  frequency,  phase 
difference  corresponding  to  time  shift  t,  taking  into  account  inequality 
w  >>  0,  is  determined  by  expression 


A?  =  'vs-J-  AmxsinQ 


(6.109) 


In  a  phase-phase  monopulse  system  time  delay  t  between  signals 
received  is  determined  by  the  angular  position  of  the  target  and 
error  signal  with  Identical  receiving  channels,  as  we  know,  is  formed 
according  to  S ( 0 )  =  sin  A4> .  In  accordance  with  this,  the  expression  for 
error  signal  in  the  examined  case  when  0=0  assumes  the  form 


S  (0)  =  sin  Au>TS?nQ^~--j-'c^  j. 


(6.110) 


Hence  it  follows  that  with  frequency  modulation  of  signals  received 
there  occurs  parasitic  amplitude  modulation  of  error  signal  even 
with  identical  characteristics  of  receiving  channels. 


We  obtain  a  similar  result  in  a  phase  sum-difference  system 

where 

S(8)=tg^r=  tg-y  p0's-h.A^sinQ^~--|-xJJ.  (6.111) 

Thus,  when  using  a  frequency-modulated  signal  in  monopulse 
systems  with  phase  direction  finding,  the  character  of  the  direction 
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finding  function  is  distorted  and  parasitic  amplitude  modulation 
of  error  signal  appears,  reducing  direction  finding  accuracy.  There¬ 
fore,  in  systems  with  phase  direction  finding  it  is  permissible  to 
use  a  frequency-modulated  signal  with  a  small  relative  frequency 
deviation. 

In  monopulse  systems  with  amplitude  direction  finding  and 
identical  receiving  channels  the  effect  of  a  frequency-modulated 
signal  appears  in  the  dependence  of  the  amplitude  radiation  patterns 
on  frequency  and  in  the  parasitic  amplitude  modulation  of  error 
signal  and,  as  a  consequence,  reduces  accuracy. 

With  nonidentical  amplitude-phase  characteristics  for  receiving 
channels  the  effect  of  a  frequency-modulated  signal  on  direction 
finding  accuracy  intensifies  and  error  increases.  Therefore,  when 
operating  with  frequency-modulated  signals,  requirements  for  identity 
of  amplitude-phase  characteristics  for  receiving . channels  are  higher 
than  with  signals  discussed  earlier.  These  requirements  can  be 
evaluated  with  the  method  described  above  for  each  case. 

6. 4.2.  Direction  finding  on  continuous  and  quasi -conti nuous 
signals  with  speed  selection.  Examples  of  monopulse  direction 
finders  with  speed  selection  are  presented  in  Chapter  1.  The 
characteristic  peculiarity  of  sucn  systems  is  the  measurement  of 
angular  target  coordinates  after  the  selection  of  signals  with  respect 
to  doppler  frequencies.  Therefore,  each  receiving  channel  includes 
a  doppler  filter  terminating  in  a  phase  detector. 

\ 

Since  the  doppler  shift  of  signal  frequency  depends  upon  speed, 
course  parameters,  and  aerodynamic  properties  of  the  target  and, 
under  actual  conditions,  varies  within  a  wide  range,  in  direction 
finding  systems  using  speed  selection  there  are  imposed  particularly 
high  requirements  on  identity  of  doppler  filter  characteristics. 

Having  a  narrow  band  and  great  steepness  of  phase-frequency  char¬ 
acteristics,  such  filters,  with  insufficient  identity  of  characteris¬ 
tics  and  a  change  in  doppler  frequency  shift  during  target  tracking 
based cn  speed,  can  create  large  equipment  errors  in  the  direction 
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finding  system.  To  lessen  -his  we  must  turn  to  frequency  stabiliza¬ 
tion  of  signals  entering  doppler  filter  to  the  phase  detector. 

Requirements  for  idi  .city  of  receiving  channels  during  operation 
on  signals  of  quasi-cont  .  mous  and  continuous  type  are  similar. 

6.4.3.  Direction  finding  during  the  use  of  pulsed  signal 
compression.  As  we  kr .v ,  for  the  purpose  of  preserving  high  resolu¬ 
tion  wd  th  respect  to  r  .n*e  and  of  improving  the  power  ratios  with 
limited  peak  power,  wc  resort  to  an  expansion  of  the  working  pulse 
and  interpulse  frequency  (phase)  modulation.  Such  a  pulsed  signal, 
after  having  passed  inrough  the  optimal  filter  of  the  receiver, 
undergoes  compression  with  respect  to  width. 

Pulse  width  compression  is  brought  about  by  th"  fact  that  the 
optimal  filter  creates  delay  of  each  central  component  of  the  signal 
in  accordance  with  its  frequency  in  such  a  manner  that  the  low- 
frequency  components  are  delayed  longer  and  the  high~frequency 
components  are  delayed  less.  This  ensures,  at  a  certain  moment  of 
time,  phase  addition  of  all  frequency  components  and  formation  tf 
a  short  pulse  of  high  amplitude. 

Nonidentity  of  medium  tuning  frequencies  for  optimal  filters 
leads  to  a  variation  in  the  signal  amplitude  ratio,  the  appearance 
of  parasitic  phase  shift,  and  frequency  modulation,  which  causes  a 
corresponding  variation  in  error  signal  and  a  reduction  of  direction 
landing  accuracy.  If  the  medium  frequency  of  the  signal  and  the 
nonidentity  of  optimal  filter  tuning  are  stable  in  time,  error  signal 
distortion  in  a  direction  finding  system  can  be  removed  by  tuning 
the  equipment.  In  the  opposite  c^se,  a  reduction  in  both  accuracy 
and  Interference  immunity  is  inevitable. 

Nonidentity  of  filters  can  be  apparent  in  the  nonagreement  of 
frequency  change  rates  and  the  envelope  of  pulse  filter  response 
with  the  corresponding  parameters  of  the  input  signal.  In  this  case, 
even  with  identity  of  filter  medium  frequency  tuning,  parasitic 
phase  shifts  and  residual  frequency  modulation  can  reach  a  significant 
value . 


Hence,  it  follows  that  the  provision  of  a  certain  degree  of 
optimal  filter  identity  in  monopulse  direction  finding  systems 
operating  on  pulsed  signals  with  frequency  modulation  is  very 
important . 

Given  the  values  of  permissible  parasitic  phase  shifts  and 
residual  frequency  modulation,  we  can  determine  the  requirements 
for  identity  of  optimal  filters  from  formulas  [*153  • 


Af  =  0,5  ^arcig  ^ — arcig^j, 


Ah 


-+( 


*+<*  Bk+C*. 


4>.  \ 

fell' 


(6.112) 


(6.113) 


where 


B  =■ 


-  *•  1  *»  — 
4(«c+  '  ♦(«?+«$&* 


ui 


4  («£+«’) 

a » 


C 


4(0|  +  «2> 


2\  » 


«0 


4(«c+t»c)  4(ff|+c® 


Ah  is  the  difference  in  frequency  change  rates; 

a„  is  the  coefficient  characterizing  the  change  rate  of 

v 

the  input  signal  envelope; 

u  is  the  change  rate  of  the  input  signal  frequency; 
a.^  and  a?  are  coefficients  characterizing  the  variation  in 
signal  envelope  with  passage  through  optimal  filters  of  the  first 
and  second  receiving  channels ; 

and  u2  are  signal  frequency  change  rates  with  passage 
through  optimal  filters  of  the  fir3t  and  second  receiving  channels. 


5  6.5.  DESIGN  METHODS  OP  DECREASING  DIRECTION  FINDING 
EQUIPMENT  ERROR 

Methods  of  decreasing  equipment  error  are  varied.  They  include 
technological  methods  connected  with  the  perfection  of  the  technology 
involved  in  making  separate  units  and  elements  of  equipment;  opera¬ 
tional  methods  connected  with  the  preparation  of  equipment  for  work, 
its  tuning,  calibration,  and  operation;  and  design  methods  connected 
with  working  out  schematic  solutions  which  enable  us  to  reduce  sub¬ 
stantially  or  completely  exclude  the  effect  of  nonidentity  in  amplitude- 
phase  characteristics  of  receiving  channels. 

Of  greatest  interest  are  the  design  methods  covering  various 
procedures  for  uniting  the  receiving  channels  of  monopulse  radars, 
stabilization  of  intermediate  frequency,  cross-switching  of  receiving 
channels,  and  a  number  of  others. 

Let  us  pause  on  the  question  of  joining  receiving  channels. 

The  essence  of  this  lies  in  the  fact  that  instead  of  two  or  three 
receiving  channels  necessary  in  accordance  with  the  principle  of  a 
monopuise  l’adar,  one  channel  is  used  functionally  replacing  the  two 
or  three  channels.  Since,  in  this  case,  the  extent  of  the  separate 
channels  is  reduced  to  minimum,  equipment  errors  caused  by  nonidentity 
of  characteristics  for  these  channels  are  also  reduced.  At  the 
present  time  there  are  many  methods  enabling  us  to  join  functionally 
the  receiving  channels  into  a  single  channel.  We  should  examine 
some  of  them. 

6.5.I.  A  method  of  joining  receiving  channels  on  high  frequency. 
The  simplified  system  whose  block  diagram  is  presented  in  Fig.  6.11 
relates  to  one  of  the  first  .nonopulse  radars  with  amplitude  direction 
finding,  designed  for  determining  coordinates  in  one  plane  [12*0. 

The  antenna  system  of  this  station  consists  of  two  parabolic 
reflectors  mechanically  connected  to  each  other,  one  of  which  is 
receiving  and  the  other  transmitting.  This  design  of  antenna  system 
makes  it  possible  to  avoid  problems  connected  with  the  switching 
of  high-frequency  circuits  to  reception  and  transmission. 
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The  distinguishing  feature  of  this  radar  is  the  Joining  of 
receiving  channels  on  high-frequency  into  one  channel  with  the  use 
of  a  time  spread  of  signals  received  along  different  channels, 
accomplished  by  high-frequency  delay  of  one  of  the  signals  for  a 
tiiiie  exceeding  pulse  width. 

After  the  interconnection,  high-frequency  signals  are  converted 
into  intermediate-frequency  signals,  amplified  in  a  logarithmic 
amplifier,  detected  and  separated  by  the  proper  gating.  Separated 
signals  are  compared  by  the  subtraction  method.  For  this,  an  unde¬ 
layed  signal  is  delayed  by  the  same  amount  of  time  the  other  signal 
is  delayed  with  interconnection  of  channels. 


U) 


Ha  *ana»  ianaoem 


Fig.  6.11.  Simplified  block  diagram  of  an  amplitude-amplitude 
monopulse  radar  with  interconnection  of  receiving  channels  on  high 
frequency. 

KEY:  (1)  To  range  channel j  (2)  Delay  line;  (3)  Mixer;  (4)  I-f 
amplifier  and  video  detector;  (5)  Key  circuit;  (6)  Delay  line;  (7) 
Heterodyne;  (8)  Gating  device;  (9)  Comparison  device;  (10)  Transmitter 
(11)  Antenna  control  system;  (12)  Modulator:.  (13)  Synchronizing  device 
(14)  Error  signal. 


The  disadvantage  of  this  method  of  channel  interconnection  is 
a  reduction  in  range  resolution.  Although  a  radar  operating  in  normal 
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mode  is  capable  of  distinguishing  targets  radially  spaced  at  a 
value  corresponding  to  pulse  width,  this  system  is  not  capable  of 
distinguishing  targets  whose  radial  spacing  does  not  exceed  two 
widths  of  the  sounding  pulse.  In  this  case,  signals  reflected  from 
a  distant  target  and  the  delay  signal  from  a  near  target  will  pass 
through  the  receiver  simultaneously  and  net  be  separated. 

Another  disadvantage  of  this  system  is  the  fact  that  it  is 
subject  to  the  effect  of  interference  in  the  form  of  paired  pulses 
spaced  at  the  value  of  delay,  introduced  into  the  system  with  the 
interconnection  of  receiving  channels. 

A  design  disadvantage  of  joining  high-frequency  receiving 
channels  is  the  awkwardness  of  the  delay  line.  Thus,  in  the  Sommers 
radar  [12^]  the  delay  line  is  a  waveguide  3.5  m  long  rolled  into  a 
coil.  A  corresponding  compensation  for  signal  attenuation  in  the 
delay  line  is  necessary.  With  this  design  there  are  difficulties 
in  ensuring  the  identity  of  characteristics  for  the  unjoined  parts 
of  the  receiving  channels. 

6.5.2.  A  method  of  joining  intermediate-frequency  receiving 
channels.  A  simplified  block  diagram  of  the  receiving  part  of  a 
monopulse  radar  with  amplitude  direction  finding  and  interconnection 
of  intermediate-frequency  receiving  channels  is  presented  in  Pig. 

6.12  [110]. 

Signals  received  by  antennas  1  and  2  enter  the  mixers  where, 
with  the  aid  of  the  common  heterodyne,  they  are  transformed  into 
i-f  signals  and  then  amplified  in  preliminary  i-f  amplifiers  PIFA. 
After  one  of  the  PIFA  the  delay  line  is  switched  on,  ensuring  time 
delay  for  one  of  the  signals  received  by  a  value  exceeding  the  working 
pulse  width.  Spacing  of  signals  with  respect  to  time  enables  us  to 
establish  the  amplification  of  both  received  signals  in  a  common 
i-f  amplifier. 
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Fig.  6.12.  Simplified  block  diagram  of  the  receiving  part  of  an 
amplitude-amplitude  monopulse  r.  ar  with  interconnection  of  inter¬ 
mediate-frequency  receiving  channels.  *  '  • 

KEY:  (1)  Mixer;  (2)  PIFA;  (3)  I-f  amplifier  and  detector;  (4)  Gating 
device;  (5)  System  of  automatic  range  tracking;  :(6)  Key  circuit; 

(7)  Heterodyne;  (8)  Delay  line;  (9),Mixer;  (10)  PIFA;  (11)  :Delay 
line;  (12)  Comparing  device;  (13)  Antenna  control  syst'em;  (1*1)  Error 
signal.  .  ' 

After  amplification  in  this  amplifier;  the  signals  are  detected,  i 
separated  into  two  channels  with  the  aid  of  the  key  circuit  gating 
and  fed  to  the  comparing  device.  >.  ‘  . 

,  s 

The  operation  of  the  receiving  system  is  explained  by  the 

diagrams  in  Fig.  6.13.  1  1 

■  1  » 

*  * 

The  receiving  part  of  a  monopulse  radar  with' .phase  direction  , 

finding  and  interconnection  of  i-f  receiving  channels  can  be  ’designed 
similarly. 

*  ! 

l  . 

Since  it  is  considerably  simpler  to  make  a  compact  delay  line 
on  intermediate  frequency  than  on  high  frequency,  this  diagram  hais 
an  advantage  over  a  diagram  with  the  interconnection  of  high-frequency 
receiving  channels  presented  in  Fig.  6.11.  Another  advantage  is 
the  fact  that  with  interconnection  of  intermediate-frequency  receiving 
channels  the  direction  finding  system  can  be  protected  from  the 
effect  of  interference  in  the  form  of  paired  pulses  by  the  introduction  • 
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*  * 


of  gating  for  the  preliminary  i-f  amplifiers,  ensuring  the  oassage  [ 

j  *  5 

of  onlyi  one  <pf  the  interferring  pulses1.  j 

1 

Al^o  in  the  circuit  with  interconnection  of  i-f  receiving,  ! 

1  i ,  ■  i 

channels,  the  effect  of  receiving  channel  nonidentity  before  their  I 

interconnection  increases  since  their, length  is  greater  than  that  i 

of  the  circuit,  in  Fig.  :6.11.  As' for  the  shortcoming  of  the  circuit  j 

!  with  interconnection  of  high-frequency  receiving  channels,  which  is 
the  reduction  in  range  resolution,  this  also  exists  in  a  circuit,  j 

with  intermediate-frequency  interconnection.  j 
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Fig.  6.13.  Voltage  diagrams  describing  the  passage  of  signals  in  a 
receiver  of  an  amplitude  monopulse  radar  with  interconnection  of 
intermediate-frequency  receiving  channels. 

KEY:  (i)  Signals  emitted;  (2)  Signals  received;  (3)  Signals  at  i-f 
amplifier  input;  (')  Signals, at  detector  output;  (5)  Signals  at  switching 
*  circuit  output;  '(6)  Signals  at  comparison  input. 
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6.5*3.  A  method  of  joining  i-f  receiving  channels  with  the 
use  of  phase  shifts  and  time  delay  of  signals.  A  simplified  diagram 
of  the  receiving  part  of  an  amplitude  sum-difference  monopulse  radar 
with  the  interconnection  of  range-measuring  and  angle-measuring 
channels  by  the  method  studied  is  presented  in  Pig.  6.14  [120]. 

Channels  are  joined  at  two  stages.  First  the  angle-measuring 
channels  are  joined.  For  this  the  difference  signal  of  the  azimuth 
channel  Ep  &  is  shifted  in  phase  90°  and  is  summed  with  the  signal  of 
the  angle-measuring  channel  Ep  .  After  this  the  resulting  angle¬ 
measuring  signal  is  converter  to  an  i-f  signal,  amplified  in  the 
preliminary  i-f  amplifier  (PIFA),  delayed  in  time  equal  approximately 
to  the  received  signal  width,  and  summed  with  the  i-f  sum  sif-al 
which  is  simultaneously  the  range  signal  and  the  reference  signal 
of  the  angle-measuring  channels. 

The  output  signal  of  the  common  i-f  amplifier  is  branched  into 
three  directions:  one  is  fed  to  the  phase-sensitive  detector  of 
the  angle-measuring  channel,  another  with  a  phase  shift  of  90°  to 
the  phase-sensitive  detector  of  the  azimuth  channel,  and  the  third 
part  of  the  signal,  after  additional  amplification  in  the  i-f 
amplifier  stage  and  delay  by  a  value  equal  to  the  delay  of  the  angle¬ 
measuring  signals  before  channel  interconnection,  is  fed  through  the 
phase  "switcher  to  the  range  channel  and  to  the  phase-sensitive  angle¬ 
measuring  .detectors  as  the  reference  signal. 

Phaser-sensitive  elevation  and  azimuth  detectors  makes  it  possible 
to  obtain  elevation  in  azimuth  signals.  Upon  obtaining  an  elevation 
signal,  one  signal  from  the  common  i-f  amplifier  is  fed  directly  to 
the  phase  detector,  and  the  other  through  the  supplementary  gated 
i-f  amplifier  stage,  delay  line,  and  phase  switcher.  Because  of  this 
the  reference  portion  of  the  first  signal  appears  in  the  detector 
simultaneously  with  the  angular  portion  of  the  second  signal  (see 
voltage  diagram  in  Fig.  6.15)  and  interacts  with  the  latter,  ensuring 
error  signal  proportional  to  the  angle  of  target  displacement  with 
respect  to  elevation  at  the  detector  output. 
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Fig.  6.14.  Simplified  block  diagram  of  a  receiver  in  an  amplitude 
sum-difference  monopulse  radar  with  interconnection  of  range¬ 
measuring  and  angle-measuring  channels  on  intermediate  frequency 
with  the  use  of  phase  shifts  and  time  delay  of  signals.  E  sum 

signal ;  Ep  y  difference  signal  of  elevation  channels;  Ep  a  difference 

signal  of  azimuth  channel. 

KEY:  (1)  Elevation  error  signal;  (2)  Phase  detector  of  angle-measuring 
channel;  (3)  Mixer;  (4)  PIFA;  (5)  I-f  amplifier;  (6)  Supplementary 
i-f  amplifier;  (7)  Delay  line;  (8)  Phase  switcher  360°;  (9)  Local 
heterodyne;  (10)  Delay  line;  (11)  Phase  switcher;  (12)  Mixer;  (13) 

PIFA;  (1*0  Phase  detector  of  azimuth  channel;  (15)  Phase  switcher; 

(16)  Range  autotracking  system;  (17)  Azimuth  error  signal;  (18)  Range 
channel. 


The  part  of  the  angle-measuring  signal  which  corresponds  to  the 
angle  of  target  displacement  with  respect  to  azimuth  will  not  develop 
an  erro,".*  signal  since  it  is  in  quadrature  with  the  reference  signal. 
Upon  obtaining  an  azimuth  error  signal,  one  signal  from  the  output 
of  the  i-f  amplifier  is  fed  to  the  phase  detector  through  the  phase 
switch,  shifting  it  90°  in  phase,  while  the  other  (reference)  is 
fed  through  the  supplementary  gated  i-f  amplifier  stage,  the  delay 
line,  and  the  phase  switcher.  In  this  case  the  angular  part  of  the 
first  signal  moves  to  the  detector  simultaneously  with  the  reference  * 
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tt 
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part  of  the  second  signal  and  develops  at  detector  output  an  azimuth 
error  signal.  Part  of  the  angle-measuring  signal  corresponding 
to  the  angle  of  target  displacement  with  respect  to  elevation  does 
not  pass  througl  the  detector  because  of  its  quadrature  with  the 
reference  signal. 


Fig.  6.1|5.  Signal  voltage  diagram, 
describing  the  work  of  the 
receiver  of  an  amplitude  sum- 
difference  monopulse  radar, 
illustrated  in  Fig.  6.11}  (signal 
phase  ratios  are  conditionally 
designated  by  errors).  1  -  at 
output  of  waveguide  bridges;  2  - 
at  Input  of  angle-measuring 
channel  mixer;  3  -  at  output  of  * 
angle-measuring  channel  mixer; 

*1  -  at  input  of  i-f  amplifier; 

5  -  at  output  of  i-f  amplifier; 

6  -  at  input  of  azimuth  channel 
phase  detector;  7  -  at  output  of 
azimuth  channel  phase  detector; 

8  -  at  input  of  elevation  channel 
phase  detector;  9  -  at  output 
of  elevation  channel  phase 
detector. 


Since  two  delay  lines  are  used  in'  the  circuit,  this  can  cause 

a  substantial  misphasing  of  reference  and  angle-measuring  signals. 

In  order  to  compensate  the  parasitic  phase  shifts  in  the  reference 
\  ♦ 
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signal  channel,  a  phase  switcher  with  wide  phase  control  limits 
is  provided. 

s 

In  order  that  the  signal/noise  ratio  not  be  impaired  during 
signal  passage  through  the  receiving  circuit,  the  PIPA  is  gated, 
thus  ensuring  the  operation  of  the  amplifier  only  during  signal 
passage.  A  delay  signal  after  the  PIPA  is  essential  since  this 
Improves  the  signal/noise  ratio.  Delay  before  the  PIPA  leads  to 
signal  attenuation  at  amplifier  input  and,  consequently,  a  drop 
in  the  signal/noise  ratio,  which  causes  an  impairment  of  the  target 
tracking  accuracy  with  respect  to  angular  coordinates  and  range. 

The  disadvantage  of  this  system  is  the  relation  of  high 
sensitivity  to  phase  difference  for  receiving  channels.  This 
deprives  it  of  the  main  advantage  of  monopulse  direction  finders 
of  the  sum-difference  type,  in  which  a  parasitic  phase  shift  in 
receiving  channels  does  not  lead  to  a  shift  in  equisignal  direction. 
Sensitivity  to  phase  nonidentity  makes  this  system  scarcely  suitable 
for  use  in  a  radar  with  frequency  tuning  in  a  wide  range. 

In  a  number  of  cases  the  above  relationship  occurs  only  for 
difference  channels  and,  in  order  to  eliminate  errors  occurring  with 
frequency  tuning,  automatic  phase  control  is  used  for  the  channels 
[81,  933. 

6.5.4.  A  method  of  receiving  channel  interconnection  with  the 
use  of  low-frequency  modulation  in  one  of  the  channels.  A  simplified 
block  diagram  of  the  receiving  portion  of  a  monopulse  amplitude 
sum-difference  radar  with  interconnection  of  channels  by  using  low- 
frequency  modulation  of  different  signals  is  presented  in  Pig. 

‘  [1253. 

* 

t  ;**  • 

In  this  circuit  the  usual  method  of  shaping  sum  and  difference 
signals  with  a  double  waveguide  bridge  is  used.  The  difference 
signal  containing  angular  Information  on  target  position  is  modulated 
with  respect  to  amplitude  by  a  signal  of  sonic  frequency  ft  and  is 
summed  by  a  signal  of  the  sum  channel. 
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Pig.  6. IS.  Simplified  block  diagrv  of  a  receiver  for  an  amplitude 
sum-difference  monopulse  radar  with  interconnection  of  receiving 
channels,  using  low- frequency  modulation  of  the  difference  signal. 
KEY:  (1)  Balance  bridge;  (2;  Summatorj  (3)  AM  signal  receiver;  (4) 
Phase  detector;  (5)  Error  signal;  (6)  Balance  modulator;  (7)  L-f 
generator. 


In  accordance  with  this,  the  resulting  signal,  when  approximating 
the  sum  diagram  by  function  cos  0  and  the  difference  diagram  by 
function  sin  0.,  can  be  represented  by  expression  • 


E  (f,  8)  =  Em\ cos  8  -f-  sin  8  sin  Of)  exp  i  «*/. 


(6.114) 


With  low  values  of  angular  error,  expression  (6.114)  is  changed 
to  the  form 


E(t,  0)  —  Em  (J.  -f-  8  gin  eXp  j 

(6,115) 

» 

Prom  expression  (6.115)  it  is  apparent  that  the  modulation  factor 
of  the  resulting  signal  is  proportional  to  angular  error.  Therefore, 
signal  amplitude  detection  at  receiver  output  gives  a  signal  of 
low  frequency  0,  whose  amplitude  is  proportional  to  the  value  of 
angular  err^r,  while  phase  indicates  the  direction  of  displacement. 
With  passage  of  zero  error,  the  phase  of  the  low-frequency  signal 
changes  180°. 

The  low-frequency  signal  from  the  output  of  the  amplitude- 
modulated  signal  receiver  is  fed  to  the  please  detector  where 


it  is  compared  with  respect  to  phase  with  the  signal  of  the  1-f 
oscillator  and  forms  an  error  signal  of  constant  voltage  which 
acts  on  the  servomechanism  of  the  antenna  position  control. 

In  the  receiving  system  we  can  use  wide-band  signal  processing 
devices  without  reducing  its  sensitivity  and  because  of  this  we 
can  substantially  reduce  parasitic  phase  shifts.  The  narrow-band 
i-f  amplifier,  critical  to  tuning,  ceases  to  be  a  source  of  errors 
since  the  sum  and  difference  signals  passing  through  it  are  shifted 
in  phase  by  an  identical  quantity. 

The  system  is  simple  enough  to  tune  and  stable  under  various 
operating  conditions.  However,  the  introduction  of  low-frequency 
modulation  with  the  interconnection  of  receiving  channels  makes  the 
direction  finding  system  sensitive  to  amplitude  fluctuation  of  the 
received  signals  and  also  vulnerable  to  the  direction  of  limited 
amplitude-modulated  noises.  Obviously,  in  order  to  create  such 
noises,  it  is  enough  to  know  the  modulation  frequency  being  used  in 
the  radar  with  an  accuracy  up  to  the  band  width  of  the  servosystem. 
This  is  -a  serious  disadvantage  of  this  design  of  monopulse  radar 
receiving  system  and  limits  its  use. 

6,5.5.  A  method  of  joining  receiving  channels  with  the  use 
of  signal  spacing  based  on  frequency.  A  simplified  block  diagram 
of  a  receiver  for  an  amplitude  sum-difference  monopulse  radar  with 
interconnection  of  channels  by  spacing  signals  with  respect  to 
frequency  is  presented  in  Fig.  6.17  [A2]. 

The  principle  of  receiving  channel  interconnection  consists 
in  the  fact  that  the  sum  and  difference  h-f  signals  are  converted 
into  i-f  signals  near  in  value,  summed,  and  rigidly  limited  in  a 
multistage  wide-band  amplifier  -  limiter.  Prom  the  i-f  amplifier 
output  signals  move  to  band-pass  filters  tuned  to  the  corresponding 
frequencies  of  the  joined  signals  and  are  separated  by  these  filters 
into  sum  and  difference  signals.  After  separation  the  frequency  of 
the  sum  signal  Is  converted  to  the  frequency  of  the  difference 
signal.  The  signal  obtained  as  a  result  of  conversion  is  used  as 


the  reference  signal  in  the  angle-measuring  phase-sensitive  detector 
during  shaping  of  the  error  signal  to  be  used  later  for  the  antenna 
control  system. 

This  principle  of  channel  interconnection  can  also  be  used  in  • 

a  system  designed  for  direction  finding  in  two  planes.  In  this 
case,  the  signals  to  be  joined  (sum  and  two  difference  signals) 
are  converted  into  signals  of  three  closely  located  intermediate 
frequencies  so  that  their  spectra  do  not  overlap  and  thus  enable 
the  sum  signal  to  simultaneously  shape  both  difference  signals 
without  using  ordinary  AGC  systems  based  on  the  sum  signal. 

The  use  of  this  method  of  joining  is  not  limited  to  systems 
of  the  sum-difference  type;  it  can  also  be  applied  to  other  systems, 
for  example,  to  amplitude  systems  with  logarithmic  receivers.  The 
arrangement  of  the  system,  in  this  case,  will  differ  from  the  arrange¬ 
ment  illustrated  in  Pig.  6.17  only  in  the  detector  since,  in  order 
to  obtain  the  value  and  sign  of  the  angle  of  target  deviation  from 
equisignal  direction,  an  amplitude  detector  is  required  instead  of 
the  phase  detector  used  in  the  system  illustrated. 


Pig.  6.17.  Simplified  block  diagram  of  a  receiver  for  an  amplitude 
sum-difference  pulse  radar  with  the  use  of  single-channel  signal 
processing  with  frequency  shift. 

KEY:  (1)  Prom  the  signal;  (2)  Mixer;  (3)  Heterodyne;  (4)  Band-pass 
filter;  (5)  Mixer;  (6)  Mixer;  (7)  I-f  amplifier  limiter;  (8)  Phase- 
sensitive  detector;  (9)  Heterodyne;  (10)  Band-pass  filter.  (11) 
Difference  signal;  (12)  Mixer;  (13)  Amplitude  detector. 
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Let  us  explain  analytically  the  bases  for  the  examined  method 
of  signal  processing  for  the  case  of  an  ideal  wide-band  uneven 
limiter,  by  which  we  mean  an  installation  consisting  of  the  sucdessive 
connection  of  an  inertialess  nonlinear  element  and  a.  linear  band¬ 
pass  filter.  For  simplification,  we  shall  perform  our  analysis  in 
actual  form. 

'  Let  the  voltage  of  a  signal  at  output  of  an  ideal  limiter  be 
equal  to  the  sum  S(t)  of  two  narrow-band  signals  S^t)  and  S2(t), 
where 

(0  =  Ep  COS  (<att 

(6.116) 

S2  (/)  =  Ec  cos  (a2f  -{-  <p2), 

Ep=Ep(t);  Ee=E0(t);  (6‘117) 

?t=?,(Q;  ?s=?.(0. 


With  the  aid  of  simple  trigonometric  transformation,  S(t) 
can  be  expressed  by  a  single-narrow-band  function  with  carrier 
frequency  w1  in  the  following  form 

3  (0  =  {E; + E] + 2EVEC  cos  [(to,  -*,)*  + 

+ ?•  —  ?|]},/2  cos  {<»,?  +  arctg  X 
wgpsin  9t  4-  Ba  sln[(»>  —  «,)  I  + 

cos<p!  +  g0cos  [(«,  —  »,)*-{- ?t]j 


We  know  that  when  a  narrow-band  signal  with  amplitude  and  phase 
modulation  is  fed  to  input  of  an  ideal  band  limiter,  at  output 
a  signal  is  obtained  with  constant  amplitude  and  the  same  phase 
modulation  as  the  signal  at  input. 

Taking  this-  into  account  and  the  fact  that  after  wide-band 
uneven  limitation  the  signal  assumes  the  form  of  a  "meander," 
at  limiter  output  we  obtain 
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£>  (/)  =  4-~  cos 

4-  arete  -p  stn  *»  ^  s,n  [(<■>» — «i)  <  4-  y»i ) 

r'P  cos  y,  +  £e  cos[((i>]  -«,)/  +  y,j/‘ 


(6.119) 


where  U  Is  limitation  threshold, 
orp 

.J*. 

If  we  use  a  trigonometric  expansion  in  the  form  of 


cos  (co,/  -J-  arctg  x)  =  cos  «*,/  cos  (arctg  *)  — 

— sin  <*>,/  sin  (arctg  j:)  =  cos  ©,/  co^Jarccos  ^===j-j  — 

-sin., (sin  [arcsin71i?]=7f^=fX 
X  (cos  «,/ — x  sin  «,f)» 

* 

we  perform  the  following  transformations  of  expression  (6.119): 


it 


*  / ,  ,  ( £pSln  ?i  4-  £«stoft««  —  «i) 1 -t-  y»l  1*1 |  w  • 

\ '  T  [ £j>  cos  y,  +  £e  cos[ (to,  —  Oi)T+  y,j]  f 

w  t _ j  J^pStn  ?,  +  £„  Stn  f(<o,  --©,)/  +  y,l  _  A 

X^cos.,/  -  , + V,  -it) =* 

_  Worn  •'  gpC0Syl-f£8C0Sf((Ql  —  +  ~  Sy 

""  •  t  r* 2  •  r2  t  (tM  #-• r/..  ' v  i  _  n  HU 


*  (£j+  £2c  +  2£p£0  cos  ((co,  -  co,)  /  +  y,  -  y.J)"2  A 

V  gpco5(<0|/-f-yl)-f-gecos(<ol/-f  y,)  . 

ATipCOsy,  +  £ecos((w,  — «,)/  +  ?,)  . 

_.4t/0rp  f  £P  cos  (co,/  4-  ?i)  4-  £«  cos  («»*  -ffi)  "  ' '  It'  •• 

*  [  (^  +  ^  +  2£P£,  cos  [(c^~  co,)  /  +  ya  -  fil},/2  J*” 


(6.120) 


Dividing  the  numerator  and  denominator  by  E  ,  we  obtain 

V 


29^ 


I 


.  MO 


=  JHsil  / 1  j_  £p  ' 

*  1  *4 


4-jr-CQ5  [(fflj  r-  ®0 1  -f* 


+  9.  ~  9,1 1  jfj*  COS  (a  ,f +  <Pi)  +  COS  K#  -f  ?,)}’ 


(.6,21) 


When  E  <  E  ,  which  is  virtually  always  fulfilled,  the  quantity 
P  c 

under  the  square  root  sign  can  be  represented  in  the  form  of  power 
series  (with  the  use  of  binomial  expansion)  in  the  following  manner: 


[‘+11  )(+ 


+»,_»,)  j-4-=[1+|]-ij,+[f-|+ 

;  +  ^ j  cos  [(©* — **,)  1 4?» — 9,1  Jr  2  = 


■  I  P  - 


X{'  -  CUSK“>-"J,+ 

+*  +t($-  f+f-”)05’ 1("-- 

—  »|)  t + ?■  “  ?>1 

-(-|§ — ...\  cos!  <Pi!+-|- 


(6.122) 


Substituting  (6.122)  into  (6.21),  using  trigonometric  identities, 
and  grouping  terms,  we  obtain  the  following  expressions  for  output 
vp It ages  of  the  limiter: 
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i^{(^+i|+...)x 

Xces  (»,(+?,) +A  ~  ~r||~  •••]cosK-'+?0+ 

[other  terms  on  carrier  frequencies  o, rir n («»—*>,)] j 

(6.123) 

where  n  -  2,  3,  '4,  . . . 


At  output  ox’  filters  we  obtain 


!+-Ww+t,). 

5T(o=— ft  — r  (•,/+?,). 


(6.124) 


(6.125) 


Where  E  /E  «'l 
P  c 


S»(0~  -I2* cos (»,<+?,). 


S,(()ss  (COS  aj +<?,). 


(6.126) 

(6.127) 


The  calculated  dependences  of  amplitudes  S^Tt)  and  S2(t)  on 
the  ratio  of  instantaneous  values  of  difference  and  sum  signal 
amplitudes  Ep/Ec  are  represented  in  Pig.  6.18.  As  seen  from  the 
figure,  with  low  amplitude  ratios  for  difference  and  sum  signals, 
which  usually  occurs  during  automatic  target  tracking,  output  voltage 
SjTt)  is  almost  directly  proportional  to  the  instantaneous  value  of 
amplitude  ratio  Ep/Ec  and,  consequently,  directly  proportional  to 
the  amplitude  ratio  of  signals  received  by  the  radar  antenna.  This 
circumstance  makes  it  possible  to  measure  direction  to  target  by 
this  method  of  signal  processing  with  sufficient  accuracy.  The 
results  obtained  can  be  extended  to  both  continuous  and  pulse 
signals.  » 


% 


* 


This  principle  of  single-channel  receiving  systems  for  monopulse 
radars  with  the  use  of  signal  frequency  spacing  is  not  unique.  Other 
variations  of  it  exist.  As  an  example  of  such  a  variation,  we  can 
present  the  American  phase  monopulse  system  "Minitrack,"  designed 
for  tracking  artificial  earth  satellites. 

Pig.  6.18.  Standardized  calculated 
dependence  oi  signal  amplitude 
at  band-pass  filter  output  on  nj 

the  amplitude  ratio  of  difference  .  ** 

and  sum  signals  at  input  of 
an  ideal  limiter. 

0,01 


0,001  0,01  0,1 
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6.5-6.  A  method  of  joining  receiving  channels  with  the  use  of 
switching.  Another  method  of  compensating  for  nonidentity  of 
amplitude-phase  characteristics  for  receiving  channels  is  alternate- 
period  channel  switching  [18],  In  this  case,  the  receiving  channels 
are  switched  with  half  pulse  repetition  rate,  which  provides  the 
alternate  connection  of  i-f  amplifiers  first  to  one  antenna  and  then 
to  the  other.  The  phase  shift  because  of  nonidentity  in  amplitude- 
phase  characteristics  for  receivihg  channels  acquires  first  a  positive 
then  a  negative  value  and  in  the  averaged  error  signal  the  value  of 
additional  error  from  nonidentity  of  channels  will  be  considerably 
reduced.  Receiving  channels  can  be  switched  also  with  an  arbitrary 
rate  not  related  to  repetition  rate. 

We  shall  examine  the  values  of  channel  switching  analytically 
in  an  example  of  an  amplitude-amplitude  monopulse  system  with 
logarithmic  receivers  and  error  signal  shaping  according  to  law 

S{0)= In }«,(/,  6)|  —in !«,(/,  8)|.  (6.128) 

As  shown  in  §  6.3.1,  in  such  systems  when  channel  nonidentity 
is  present,  there  occurs  direction  finding  error  determined  by 
expression  (6.3*0  • 


I 


Let  the  receiving  channel  be  identical  in  phase  and  switched 
directly  at  antenna  output  according. to  square  law.  Then  signals  at 
the  i-f  amplifier  output  of  the  channel  can  be  represented  in  the 
forln  of  the  following  expression:  1  , 


•  uH  (/,  0) = %  In  ( 1  ~M)  ex£  *  * 

;  1 

4  {t,  0)  =  «0,  In  (,1—1*6)  exp  iwnpf, 

■ 

(/,  0)=%ln/ff,£o(l  —  |*0)expi«np/, 

'  Un(t,  0)  =  k01  In  #a£0  ( 1  + 1*0)  exp  i •  ' 


(6.1,29) 


(6.130) 


(6.131) 


(6.132) 


where  u^t,  6)j  u21(t,  0)  and  u12(t,  0),  u22(t, »0)  are  the  expressions 
for  signals  at  output  of  the  first  andisecpnd  .channels  after  the 
first  and  second  half-period  of  switchings'  respectively.  1  1  1 

« 

1  , 

In  accordance  with  this,  error  signals  for  the  first  and  second 

■  i  i 

half-periods  of  switching  are  defined  by  expression 


Si  (6)  =  |4  (t,  0)1  —  [4  (t,  0)J  =  Ktl  In  Kt£e'{!  -f 
4*  1*0) — 4  In  k,E0(  1  — 1*0), 


(6.133) 

i  i 


S.(0)  =  |'Mf,  8)!  =  :  '  ' 

'  =  K)t  In  k,  £,  (1 —|>0)—KM  In  »„£,(! (6.13J0 


With  the  signal  processing  used  the  signs  of  error* signa-ls 
S-^0)  and  C>2(6;  are  opposite;  therefore,  the  resulting  error  signal 
is  the  half-difference  of  the  error  signals  for  the  fix?st  and  second 
half-period  of  switching,  i.e.. 


s(0)=-f  (St(0)  — S,(0)|. . 


(6.135)  . 


i 


Jig 


‘Substituting  expressions  (6.133)  and  (6.13*0  and  assuming 
direction  finding  errors  are  small,  after  elementary  transformation 


we  obtain 


■j 


S  (0)=x  [K°l  lti  — *#?  lnTTp] 
=  -1-  PlQs*  +  2«o=^l  =  (^  +  1 ) 


(6.136) 


Obviously,  the  direction  ’ finding  condition  S(0)  =  0  is  fulfilled 

i  ' 

when  6  '=  0  regardless  of  ,nonidentity  of  channels  with  respect  to 
(  amplitude';  however,  directior  finding  system  sensitivity  drops  by 
a  factor  of  2/(gQ  +  1).  Thus,  when  using  switching,  the  difference 
i  in  amplification  of  receiving  channels  does  not  lead  to  systematic 
direction  finding  errors.  ,  ,• 

» 

When  the  location  of  receiving  channel  switching-  is  far  from 
antenna  ohtput,  t&e  direction  finding1 system  becomes  sensitive  to 
nonidentity  of  amplitude  characteristics  for  high-frequency  channels 
even  under  the  channel  .switching  conditions.  We  shall  show  this 
analytically.  Let  switching  be  accomplished  directly  on  input  of 
,channel  i-f  amplifiers.  Tfien 


“u((.  0)  =  wol  ln/fj£o(l  -f-  ;\C)  exp  i  cDnp(, 

(6.137) 

«j,  ((,  0)  =  ko2  In  KiE0  (1  — exp  i  to aT;t,  • 

(6.138) 

(*V  6)  =  k01  In  k2E0  (1  ~n9)  exp  i  oapf, 

(6.139) 

u»(t,  0)  =  ffo!!n«I£’o(l  +n0)expicDnp(, 

(6.1*10) 

s(#)=4-[s,w-ss(0)i= 


i=“ 2*  Ko*  {go  +  0  0n  g  +2}*-0). 

i  " 
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(6. 1*11) 


For  the  equation  S(8)  relative  to  p@,  we  find 

su-U-Ja.. 

r  V  2  )  2  (6.1ft2) 

The  expression  (6.1*12)  is  similar  to  expression  (6.36),  obtained 
in  the  examination  of  direction  finding  errors  from  nonidentities 
of  amplitude  characteristics  for  high-frequency  receiver  circuits 
without  the  use  of  channel  switching. 

There  are  also  other  methods  for  interconnection  of  receiving 
channels  with  the  use  of  switching.  One  of  these  methods  is  based 
on  high-frequency  gating  of  the  interconnected  channels,  which  provides 
for  turning  them  on  alternately  for  a  time  period  n  times  less  than 
the  operating  pulse  width  (n  is  the  number  of  interconnected  channels). 
One  of  the  components  of  the  resulting  signal  in  the  receiving 
channel  is  used  as  the  reference  signal  and  the  other  two  as  angle¬ 
measuring  signals  [76].  Owing  to  the  time  separation  of  the  received 
pulses  being  formed,  the  conversion  and  amplification  of  these 
signals  can  be  accomplished  with  a  single-channel  receiver.  The 
mlsphasing  of  signals  which  then  occurs  is  compensated  by  specially 
selected  delay  lines  and  the  corresponding  signal  separation  at 
receiver  output  is  accomplished  by  gating  synchronized  with  the 
gating  of  the  input  channels. 

A  method  is  known  for  joining  receiving  channels  by  the  alternate 
connection  of  antenna  outputs  without  splitting  the  pulse  [96]. 

The  original  circuit  for  channel  interconnection  with  the  use 
of  switching  is  used  in  the  monopulse  system  whose  block  diagram 
is  illustrated  in  Fig.  6.19  C 75] •  The  switching  elements  of  this 
circuit  are  ferrite  phase  switchers  connected  to  waveguide  antenna 
channels  and  controlled  from  a  special  power  source  according  to 
a  specific  program  by  feeding  pulsed  voltage. 

In  the  absence  of  a  magnetizing  pulse  on  the  ferrite  phase 
switchers,  all  channels  are  in  phase  and  the  resulting  radiation 
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pattern  has  a  maximum  which  agrees  with  the  orientation  of  the 
antenna  axis . 


When  feeding  a  calibrated  voltage  pulse  to  any  of  ins  ferrite 
phase  switchers  in  the  corresponding  channel  there  is  created  an 
additional  phase  shift  which  leads  to  a  corresponding  deviation  of 
the  axis  of  the  resulting  pattern  from  the  axis  of  the  antenna. 
Depending  upon  the  c’  -'nnel  in  which  a  given  ferrite  phase  switcher 
is  connected,  the  radiation  pattern  deviates  from  the  antenna  axis 
downward,  upward,  to  the  right,  or  to  the  left. 
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Fig.  6.19.  Simplified  block  diagram  of  a  monopulse  radar  with 
switching  of  the  receiving-transmitting  h-f  channels. 

KEY:  (1)  Ferrite  phase  shifters;  (2)  Heterodyne;  (3)  Bridge;  (4) 
Send-receive  switch;  (5)  Mixer;  (6)  I-f  amplifier;  (7)  Switch;  (8) 
Transmitter;  (9)  Switch  control  device;  (10)  Channel;  (11)  Comparing 
device;  (12)  Comparing  device;  (13)  Azimuth  error  signal;  (14) 
Elevation  error  signal. 

v  Allowing  for  the  sequence  of  axis  positions  for  the  resulting 
radiation  pattern  which  are  fed  to  receiver  input,  the  signals  will 
be  spaced  in  time,  thus  making  it  possible  for  their  subsequent 
conversion  and  amplification  to.be  carried  out  in  a  single-channel 
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receiving  device.  At  receiver  output  signals  are  separated  with  a 
switch  controlled  synchronously  with  the  ferrite  phase  switcher  ■ 
and  directed  in  pairs  to  the  comparing  devices  which  form  azimuth'  * 
and  elevation  error  signals. 

/. 

The  antenna  beam  control  rate  can  reach  several  kilohertz. 

In  combination  with  coding,  such  a  switching  system  is  sufficiently 
noise-proof  with  respect  to  synchronous  organized  noises  and  low- 
frequency  amplitude  fluctuations  inherent  in  reflected  signals. 
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CHAPTER  7 


INTERFERENCE  IMMUNITY  OF  MONOPULSE  RADARS 

It  is  difficult  to  operate  radar  systems  in  combat  situations 
without  interference;  therefore,  in  developing  radars  considerable 
attention  is  gijven  to  the  problem  of  interference  immunity.  By 
the  interference  immunity  of  a  radar  system  we  usually  mean  its 
ability  to  reproduce  with  sufficient  accuracy  a  useful  signal  and 
to  perform  the  necessary  operations  with  respect  to  target  detection, 
coordinate  measurement,  and  tracking,  under  noise  conditions.  If 
a  radar  cannot  perform  under  these  conditions,  it  cannot  be  designated 
noise-proof  in  spite  of  its’high  performance  in  the  absence  of 
interference. 

With  respect  to  automatic  target  tracking  radars,  interference 
immunity  means  the  ability  of  the  radar  to  track  a  target  by  its 
coordinates,  with  the  necessary  accuracy  when  radar  countermeasures 
are  being  used. 

Widely  applied  in  this  field  before  the  introduction  of  the 
monopulse  method,  foreign  single-channel  ..angle-measuring  systems 
of  automatic  tracking,  based  on  the  method  of  conical  scanning 
and  sequential  beam  switching,  were  vulnerable  to  organized  inter¬ 
ferences  and  could  not  perform  their  combat  tasks  in  the  presence 
of  countermeasures.  Thus,  for  example,  these  systems  have  low 
noise  immunity  from  responding  noises  with  amplitude  modulation 
on  beam  scanning  (switching)  frequency.  Therefore,  cne  of  the  main 
reasons  for  developing  the  monopulse  method  and  for  the  wide  intro¬ 
duction  of  it  into  radar  technology,  which  has  been  noted  in  the 
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last  ten  years,,  v*as.  the  need  to  increase  interference  immunity  in 
the;  angle-measuring  channel,  which  is  the  main  channel  in  radar 
systems  for  ground  control  of  interception  and  automatic  tracking. 

In  evaluating  noise  immunity  in  monopulse  radars,  with  respect 
to  contemporary  forms  of  noise,  it  is.  necessary  to  take  into  account 
the  fact  that  the  monopulse  method  is  used  only  for  measuring  angular 
coordinates..  As  for  the  method  of  determining  range  and  speed,  as 
well  as  methods  of  tracking  by  range  and  speed,  they  do  not  differ 
in  principle  from  methods  used  in  ordinary  single-channel  tracking 
radars.  Therefore,  there  is  a  continuity  in  types  of  noises  and 
methods  of  protection  between  single-channel  and  two-channel  coordi¬ 
nates. 


Before  analyzing  the  interference  immunity  of  monopulse  radars 
and  evaluating  their  advantages  over  single-channel  angle-measuring 
coordinates,  let  us  examine  the  present  methods  for  creating  radar 
interference. 

§  7.1.  METHODS  OP  CREATING  RADAR  INTERFERENCE 

By  interference  we  mean  any  radio  signal  which  upon  reception 
impairs  the  quality  of  radar  operation  and  destroys  the  reliability 
of  its  target  information.  Baaed  on  its  character,  interference 
can  have  both  natural  and  artificial  origins  [10,  13,  30,  51,  61,  66, 
673.  The  first  category  includes  noises  occurring  due  to  atmospheric 
storms,  various  types  of  precipitation  (snow,  hail,  rain),  the 
operation  of  poorly  shielded  electrical  equipment,  etc.  The  second 
category  includes  all  noises  intentionally  created  to  disturb  the 
operation  of  the  radar  equipment. 

Artificial  or  intentional  noises  are  usually  created  to  camou¬ 
flage  or  misinform.  They  also  include  noises  from  atomic  explosions. 

Camouflaging  noises  are  used  to  prevent  or  substantially  hinder 
detection  cr  proper  determination  of  target  location.  Jamming 
transmitters  are  the  most  widespread  active  means  of  creating  3uch 
noises;  metallic  tape  dipole  reflectors  are  a  passive  means. 
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Misinforming  noises  are  intended  for  the  disorientation  of  the 
operator  or  the  automatic  radar  equipment  by  creating  false  signals 
imitating  the  parameters  of  real  targets  and  hindering  the  selection 
of  true  targets  from  false.  The  means  of  creating  such  noises  can 
be  either  active  (special  transmitter)  or  passive  (decoys). 

The  essential  difference  between  misinforming  noises  and 
camouflaging  noises  is<  the  degree  to  which  their  action  can  be 
concealed.  A  radar  operator  usually  cannot  determine  that  he  is 
being  misinformed,  while  he  can  easily  recognize  that  camouflaging 
noises  are  being  created  from  the  image  on  the  screen. 

Noises  from  high-altitude  nuclear  explosion  covers  an  entire 
complex  of  phenomena  which  occur  during  these  explosions,  leading 
to  a  disturbance  of  conditions  for  radio  propagation  and  affecting 
electronic  equipment. 

Let  us  examine  in  greater  detail  the  main  characteristics  of 
intentional  noises. 

7-1.1.  Active  camouflaging  interference.  The  most  widespread 
means  known  today  of  active  camouflaging  interference  is  jamming. 

When  the  power  is  sufficient,  this  causes  the  screen  to  fully  or 
partially  light  up  with  interference,  due  to  which  the  blips  of  the 
actual  targets  are  camouflaged  (Pig.  7.1). 

The  classical  method  of  jamming  is  to  radiate  a  continuous 
high-frequency  signal  modulated  in  amplitude,  frequency,  or  phase 
by  noises.  Selective  jamming  and  barrage  jamming  differ.  Selective 
jamming  is  characterized  by  a  narrow  noise  spectrum  commensurate 
with  the  passband  of  the  radar  being  suppressed  and,  in  this  respect, 
has  power  advantages  over  barrage  jamming.  However,  selective 
jamming  suppresses  only  one  chosen  radar  and,  with  its  insufficient 
mobility,  it  can  be  tuned  out  by  changing  the  working  frequency 
of  the  radar.  Barrage  jamming  is  characterized  by  a  wide  spectrum 
of  modulating  noises  and,  in  principle,  can  act  simultaneously  on 
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several  radars,  including  radars  with  limited  frequency  tuning. 

But  this  is  done  at  the  cost  of  power  loss.  In  order  to  create  the 
same  effect,  a  barrage  jamming  transmitter  must  have  considerably 
high  power  than  a  selective  jamming  transmitter. 

Pig.  7.1.  View  of  PPI  screen 
under  the  effect  of  mid-power 
(a)  and  high-power  (b)  jamming. 


a)  (a)  (b)  V 

The  advantage  of  barrage  jamming  lies  in  the  fact  that  a  radar 
under  its  effect,  as  a  rule,  cannot  be  tuned  from  it  by  frequency 
retuning.  Barrage  jamming  can  be  achieved  by  the  direct  amplification 
of  noise  of  a  corresponding  source  (for  example,  a  directly  heated 
noise  diode)  with  a  uniform  noise  spectrum. 

An  intermediate  position  between  selective  and  barrage  jamming 
is  occupied  by  noise  with  frequency  wobbling.  Such  noise  makes  it 
possible  for  a  specific  period  of  time  to  concentrate  a  high  density 
of  noise  power  in  all  the  working  channels  being  covered.  With  the 
proper  selection  of  frequency  wobble  rate  for  the  noise  transmitter, 
the  radar  receiver  will  not  be  able  to  reestablish  full  sensitivity 
in  the  period  between  effects,  as  a  result  of  which  the  camouflaging 
effect  of  this  noise  will  be  sufficiently  effective.  In  order  to 
create  noise  with  frequency  wobbling,  a  carcinotron,  modulated  with 
respect  to  noise  frequency,  can  be  used  for  providing  random  variation 
in  noise  frequency. 

The  effect  of  noise  with  random  frequency  variation  differs  some¬ 
what  from  the  effect  of  noise  with  amplitude  noise  modulation.  With 
a  deviation  in  carrier  frequency  significantly  exceeding  the  receiver  * 

passband  and  a  sufficiently  narrow  spectrum  of  modulating  noises 
as  compared  with  the  carrier  frequency,  the  effect  of  such  noise 
will  cause  at  receiver  output  pulses  of  almost  constant  amplitude  « 
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whose  shape  is  similar  to  the  frequency  characteristic  of  the 
receiver.  Such  pulses  will  be  obtained  during  each  pass  of  the 
carrier  frequency  through  the  receiver  passband,  and  the  interval 

between  them  will  vary  according  to  random  law. 

! 

Camouflaging  noises  can  also  include  nonsynchronous  pulsed 
noises  with  low  and  high  repetition  rates.  Such  noises  create  coarse 
or  fine-grained  indicator  lighting  with  a  bright  spot  for  a  group 
of  pulsed  spots  moving  on  the  amplitude  indicators,  making  detection 
and  tracking  of  the  actual  target  difficult. 

These  active  camouflaging  noises  belong  to  the  category  of 
"power"  means  of  countermeasures  since  they  suppress  radars  at  the 
cost  of  rather  high  noise  power.  Active  misinforming  noises,  as 
we  shall  show  later,  require  less  power  losses. 

Power  suppression  noises  should  also  include  noise  in  the  form 
of  an  unmodulated  carrier.  This  noise  is  capable,  with  the  proper 
power,  ofy  reducing  radar  receiver  sensitivity  so  much  that  an 
illusion  of  station  failure  is  created. 

Recently  foreign  countries  have  been  widely  studying  new  means 
of  creating  active  camouflaging  noises  with  the  use  of  ejectable 
miniature  radiators.  These  radiators  usually  are  made  on  solid- 

state  circuits  and  generate  noises  at  a  certain  frequency  for  a 
short  period  of  time  sufficient,  it  is  assumed,  to  get  ballistic 
missiles  through  an  antimissile  defense  system  [113]. 

7.1.2.  Passive  camouflaging  noises.  One  of  the  first  means 
for  creating  passive  camouflaging  noises,  which  has  found  practical 
application,  is  the  use  of  dipole  reflectors  which  are  ordinary 
metal  tapes  half  the  length  of  the  working  wavelength  of  the  radar. 
Ejected  from  aircraft,  packages  of  dipole  reflectors  are  spread  by 
the  wind  and  form  an  extended  reflecting  cloud,  as  a  result  of  which 
on  the  screen  of  unprotected  radars  there  is  formed  an  intense 
cloud  of  light  corresponding  to  the  dipole  cloud  camouflaging  the 
target. 


Since  radars,  as  a  rule,  operate  at  spaced  frequencies,  dipole 
reflec.tors  are  made  with  various  dimensions  in  accordance  with  the 

'h *  ‘  *  * 

known  or  probable  working  frequencies  of  the  radars  whl ch  tney  are 
intended  to  suppress; 

An  effective  method  of  combating  this  type  of  passive  noise 
is  the  use  of  frequency  selection  based  on  the  frequency  difference 
between  signals  reflected  from  the  actual  target  and  those  reflected 
from  the  dipole  reflectors,  which  is  caused  by  the  difference  in 
speeds.  The  speed  of  dipole  reflectors  is  determined  by  their 
weight,  aerodynamic  characteristics,  and  wind  speed;  as  compared  with 
an  aircraft,  dipole  reflectors  are  slowly  moving  targets  which  makes 
their  elimination  possible  based  on  speed. 

Dipole  reflectors  can  be  ejected  with  the  aid  of  special  instru¬ 
ments  in  any  direction  from  the  aircraft  they  are  protecting. 
Reflectors  ejected  forward  can  disrupt,  for  a  certain  period  of  time, 
the  operation  of  the  speed  and  range  tracking  system  and  even  cause 
a  radar  to  realm  on  the  dipoles  [44 ] . 

With  the  aim  of  improving  dipole  noise  effectiveness,  dipole 
Illumination  is  sometimes  resorted  to  with  the  aid  of  high-frequency 
signals  created  by  special  transmitters  installed  on  the  object 
being  protected  [105].  The  illuminating  signal  Is  emitted  either 
with  a  frequency  shift  relative  to  the  frequency  of  the  radar  beam 
illuminated  in  order  to  imitate  false  dipole  speed  or  with  a  time 
shift  imitating  the  range  displacement  of  the  dipole.  This  ensures 
that  the  characteristics  of  these  signals  received  from  the  dipole 
cloud  are  similar  to  the  characteristics  of  the  actual  targets  and 
substantially  hinder  their  selection. 

Since  the  length  of  a  dipole  must  correspond  to  the  wave  length 
of  a  radar  and  increases  with  an  increase  in  the  latter,  a  conversion 
of  the  radars  in  foreign  antiaircraft  and  antimissile  defense  systems 
in  the  upper  region  of  decimeter  and  meter  ranges  of  waves  is  con¬ 
sidered  one  of  the  possible  means  of  weakening  the  interfering 
effect  of  dipole  noises  [113]. 


V  .  . 


7.1.3.  Active  misinforming  noises.  Unlike  jamming  noises, 
misinforming  noises  mainly  distort  the  information  about  the  target 
by  forming  interference  signals  with  false  parameters,  which  differ 

little  from  the  parameters  of  actual  reflected  signals.  Therefore, 
the  result  of  such  noises  is  not  to  camouflage  signals  reflected 
from  a  target’  but  to  introduce  error  for  the  operator  and  the  automatic 
instruments  of  the  radar  station.  Creating  such  noises  requires  a 
more  complex  apparatus  and  a  greater  quantity  of  information  on  the 
operating  principles  of  the  radar  being  suppressed. 

Misinforming  noises  created  from  one  point  in  space  include: 

-  multiple  responding  noises; 

-  range  diversion  noises; 

-  speed  diversion  noises; 

-  angular  coordinate  diversion  noises. 

The  principle  involved  in  creating  multiple  ’responding  noises 
consist's  in  the  fact  that  the  noise  transmitter  in  response  to  a 
radar  pulse  received  emits  on  the  same  frequency  a  series  of  similarly 
shaped  moving  pulses,  spread  in  range  and  angle  and  imitating  a 
group  of  targets  [87].  Such  noise  hinders  the  operator’s  selection 
of  the  true  target  and  reduces  the  operational  effectiveness  of  the 
detection  and  target-indicating  system.  Because  of  this,  instead  of 
the  actual  target,  interception  may  be  undertaken  for  many  false 
targets.  This  leads  to  a  scattering  of  forces  and  means  of  aerial 
defence,  which  has  a  favorable  effect  on  the  probability  of  the 
aircraft  reaching  their  objectives.  Multiple  noise  along  with  the 
Imitation  of  aerial  targets  can  be  used  also  for  imitating  naval 
targets. 

The  effectiveness  of  multiple  responding  noises  increases  when 
the  multiple  responding  noise  is  combined  with  jamming  (Pig.  7.2) 
and  thus  the  targets  covered  by  the  noise  producer  are  imitated, 
and  also  when  false  target  blips  are  created  not  along  the  main 
lobe  of  the  Radiation  pattern  but  along  the  side  lobes,  which  is 
ensured  by  the  proper  synchronization  of  the  responding  pulse  emission 
with  the  scanning  period  of  the  radar  [128]. 
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Pig.  7.2.  View  of  multiple 
responding  noise  combined  with 
jamming  on  the  PPI  screen  pf  a 
radar. 


It  is  possible  to  create  false  targets  also  with  the  aid  of 
miniature  radiators  ejected  from  the  protected  object  -  repeaters 
whose  development  has  recently  been  given  considerable  attention  in 
foreign  countries  [113].  These  miniature  repeaters  are  designed 
on  integral  circuits  with  the  use  of  tunnel  diodes  intended  for 
"trapping"  radar  signals  and  reradiating  them  with  a  certain  time 
delay.  In  the  foreign  press  it  is  noted  that  this  method  of  creating 
misinforming  noises  is  considered  promising  for  use  by  the  antimissile 
defense  system  [113] • 

Unlike  multiple  responding  noises,  diverting  noises  are  created 
by  automatic  target  tracking  systems.  The  main  task  of  such  noises 
is  to  create  conditions  where  a  radar  will  switch  from  tracking  the 
reflected  signal  to  tracking  the  noise.  When  creating  range  diversion 
noises,  noise  transmitters  will  emit  pulsed  signals  similar  in 
parameters  to  the  reflected  signals  but  with  a  smoothly  changing 

time  delay  which  imitates  the  motion  of  the  target  with  a  speed 
unlike  the  Speed  of  the  actual  target,  thus  creating  noise. 

• 

If  the  power  of  the  noise  exceeds  the  power  of  the  reflected 
signal,  the  range  strobe  of  the  automatic  tracking  system  will  be 
distracted  by  the  noise  pulse  and  leave  the  blip  of  the  actual  target. 
Thus  false  target  range  is  given,  substantially  hampering  the  deter¬ 
mination  of  target  location.  Delay  in  noise  signal  can  be  reduced 
or  increased  until  sufficient  range  error  is  provided.  Switching 
off  the  noise  after  the  range  strobe  is  led  away  from  the  blip  of 
the  real  target  leads  to  loss  of  target  by  the  automatic  tracking 
system  and  transition  of  the  radar  to  search  mode. 
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Similarly  speed  diversion  noise  is  created  for  a  radar  with 
continuous  and  quasicontinuous  radiation  mode,  the  only  difference 
being  that,  in  this  case,  a  smooth  variation  in  noise  signal  frequency 
relative  to  radar  signal  frequency  occurs.  This  leads  to  a  smooth 
variation  in  doppler  frequency  and  the  Lotion  of  target  speed 
variation.  With  a  sufficient  surplus  of  noise  power  the  speed 
tracking  strobe  moves  according  to  the  noise  frequency  shift  and 
the  servosystem  gives  out  erroneous  target  speed  information. 

Switching  off  noise  after  signal  frequency  is  shifted  by  a  value 
exceeding  the  width  of  the  speed  strobe  leads  to  loss  of  target 
and  transition  of  radar  to  search  mode  just  as  when  switching  off 
range  diversion  noise. 

The  principle  involved  in  creating  angular  coordinate  diversion 
'noises  consists  of  providing  noises  with  such  properties  as  to 
ensure  error  signal  in  the  autotracking  system  when  there  is  no 
antenna  disagreement  with  target  direction. 

It  should  be  noted  that  active  misinforming  noises  are  more 
advantageous  with  respect  to  power  than  active  camouflaging  noises 
since  virtually  the  maximum  power  which  can  be  provided  by  the 
noise  receiver  is  concentrated  in  the  radar  receiver  band.  However, 
from  the  technical  point  of  view,  such  noises  are  more  complicated 
since  they  require  special  complex  equipment. 

7.1. 1».  Passive  misinforming  noises.  Passive  misinforming 
equipment  creating  radar  noise  includes  various  decoys  capable  of 
imitating  the  actual  target.  If  the  radar  does  not  distinguish  the 
decoy  from  the  target,  the  operator  or  automatic  device  can  take 
it  for  a  dangerous  target  and  direct  interception  against  it,  which 
reduces  the  probability  of  interception  for  the  actual  target. 

Pig.  7- 3*  The  Quail  missile. 
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The  simplest  decoys  are  angular  reflectors,  with  comparatively 

small  geometric  dimensions,  capable  of  giving  reflected  signals 

corresponding  in  level  to  large  targets.  Being  ejected  at  the  > 

.  .  ’  !  > 
moment  of  an  attack,  in  many  cases,  these  reflectors  can  divert  the 

means  of  interception  frohi  the  object  being  protected  and  cause 

them  to  track  the  decoy.  The  more  modern  decoys- can  have  their 

own  motors  with  which  to  imitate  the  target  not  only  in  reflecting 

properties  but  in  speed.  The  typical  size  of'  such  decoys  used  by  the 

Capitalist  Armed  Forces  is  the  small  aircraft  missile  slpng  under 

the  wings  of  a  bomber  and  launched  into  free  flight  at  the  proper 

moment  (Fig.  7«3)  [30].  In  order  to  increase  the  density  of  signals 

reflected  from  small  objects,  sometimes  active  responders  are  located 

on  them. 

! 

Decoys  have  been  given  considerable  attention  overseas  in  the  , 
protection  of  warheads  for  overcoming  antimissile  defense  systems 
[*l6].  Taking  into  account  the  specifics  of  warhead1  motibn,  In  the 

middle  portions  of  the  flight  trajectory,  th$  use  of  light  decoys 

*  , 

is  provided  (inflated  spheres,  balloons;),  and  in  the  final  section 
of  the  trajectory  upon  reentry,  heavier  decoys  capable  of  motion 

.  i 

in  the  atmosphere  without  burning  up. 

‘  i 

As  passive  misinforming  noises,  bundles  of  dipole  reflectors 

1  i 

can  also  be  used,  ejected  from  the  protected  object  in  order  to 
realign  the  radar  on  the  decoy.  , 


7.1.5.  Noises  from  atomic  explosions.  Atomic  explpsions  create 

substantial  noises  in  the  operation  of  radar  stations  [68],  .These  ‘  , 

explosions  are  accompanied  by  electromagnetic  effects  of  two  main 

types.  One  of  these  is  the  radiation  of  short-duration  electromagnetic 

pulses  as  a  result  of  the  appearance  of  a  certain  asymmetry  in  the- 

distribution  of  the  electrical  charge  in  the  regions  surrounding 

the  explosion  and  because  of  the  rapid  expansion  of  rather  (  ! 

conductive  plasma  which  forms  with  the  explosion  in  earth's  magnetic 

field.  The  second  effect  is  connected  with-  the  considerable  disturbances 

*  1 

of  the  electromagnetic  waves  used  in  the  radio  and  r&dar> ranges, 


l 


i 
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which  occur  under  the  effect  of  the  ionizing  radiation  of  the 
inuclear  blast  or  are  caused  by  fission  products  or  water  vapor 

introduced  into, the  atmosphere  as'  a  result  of  the  explosion, 
i  ,  ;  ‘ 

Ionization,  i.e.,  the  formation  of  ion  pairs  consisting  of 
separated  electron^  and .positive  ions,  is  the  main  cause  of  the 
disruption  of  radar  operation  in  a  wide  range  of  waves.  Ionization 
can  occur  either  ’directly  or  indirectly  under  the  effect  of  gamma 
rays  and  neutrons  of  the  initial  nuclear  radiation,  beta  particles 

i  1  .  i 

and  gamma  rays  of  the  residual  nuclear  radiation,  and  also  under 
i  the  'effect  .of  X-rays  and  even  ultraviolet  rays  present  in  the  primary 
thermal  radiation.  Consequently,  after'  an  atomic  explosion  electron 

i 

density  in  the  atmosphere  in  the  region  of  a  blast  increases  strongly. 
These  electrons  can  affect  radars  in  at  least  two  ways.  First, 
under  the  proper  conditions,  they  can  reduce  wave  energy  and  thus,.  * 
weaken  the  signal;  second,  a  wave  front  propagating  from  one  region 

I 

to 'another  (with  differing  electron  density)  will  be  twist.ed,  i.e., 

the  direction  of  ra'diioWave  propagation  will  be  changed.  This 
! 

phenomenon  is  called  refraqtion.  Consequently,  the  ionized  region 
occurring  in  the  atmosphere  under  the  effect  of  a  high-altitude 

•  i  . 

nuclear  blast  willi affect  radars  whose  propagation  trajectory  passes 
through  this  region. 

.  i 

■  i 

The  effect  of  atmospheric  ionization  on  radars  depends  upon 

i 

the  altitude  and  power  of  the  explosion,  the  type  and  working 
frequency  of  the  station.  In  the  foreign  press  it  has  been  noted 
that  explosions,  at  altitudes  below  16  km  do  not  bring  about  significant 
or  prolonged  ionization  and,  consequently;  do  not  affect  radars 
i  seriously.  With  blasts  at  altitudes  above  16  km  and  particularly 
at  altitudes  above  70  km,  where  the  air  density  is  less,  significant 
ionization  occurs  and  exerts  a  strong  effect  on  the  operation  of 
radars .  '  * 

i 

i 

.  In  many  cases,  'the  refraction  <~f  a  radar  beam,  as  a  result  of 
electron  density  changes  with  ,a  nuclear  explosion,  can  play  as 
important  a  role  as  its  attenuation.  The  amount  of  beam  deflection 
with  this, is  directly  proportional  to1  the  change  in  electron  density 


and  inversely  proportional  to  the  square  of  the  signal  frequency. 

With  large  angles  of  beam  incidence  signal  reflection  will  occur 
and  a  radar  signal  v’ill  be  tur‘  ,ed  back  without  passing  through  the  • 
attenuating  layer. 

On  the  basis  of  an  analysis  of  a  large  amount  of  experimental 
data,  American  experts  assume  that  high-altitude  nuclear  explosions 
can  disrupt  the  operation  of  radar  stations  for  a  period  from  several 
seconds  to  several  hours  depending  upon  the  power  and  altitude  of 
the  explosion,  as  well  as  the  type  and  working  frequency  of  the  radar 
station. 

§  7.2.  NOISES  BY  MONOPULSE  RADAR  SYSTEMS 

It  has  been  mentioned  earlier  that  in  monopulse  l’adars  only 
the  angle-measuring  channels  have  high  noise  immunity,  while  the-' 
spaed  and  range-measuring  channels  with  respect  to  noise  immunity 
have  no  advantages  over  the  speed  and  range-measuring 
hannels  in  single-channel  radars.  Such  noises  as  speed  and  range 
aversion  noises  will  affect  rather  effectively  monopulse  radars 
also  if  no  special  protection  measures  are  provided  them.  Speed 
and  range  noises,  to  a  certain  extent,  impair  the  noise  immunity  of 
the  angle-measuring  channel.  A  disruption  of  range  or  speed  tracking 
forces  the  radar  to  search  mode  on  corresponding  parameters.  If 
there  are  several  targets  in  the  radar's  coverage  :sone,  it  is  possible 
to  pick  up  a  new  target  located  in  a  different  direction  from  that 
of  the  one  being  tracked  earlier.  This  leads  to  a  resightlhg  of 
the  radar's  antenna  and  an  increase  in  angular  errors.  Furthermore, 
range  and  speed,  as  we  know,  in  foreign  rocket  complexes  are  used 
in  calculating  the  anticipated  firing  angle  (rocket  launch).  If 
these  parameters  are  fed  into  a  computer  with  significant  errors, 
the  anticipated  point  of  encounter  will  also  be  determined  with 
error,  which  in  turn,  affects  firing  accuracy.  When  the  rocket  is 
launched,  an  error  in  calculating  the  anticipated  point  can  lead  to 
an  increase  in  G  forces  on  the  rocket  during  its  motion  and  a 
reduction  in  the  probability  of  striking  the  target. 


•Because  of  this,  the  protection  of  target  selection  Channel  must 
also  be  given  rather  serious  consideration,  although  it  is  not 

(u 

fundamental,  since  in  radar  systems  for  tracking  arid  guidance  the 
main  channel  is  the’  angle-measuring  channel. 

The  high  noise  immunity  of  the  angle-measuring  channel  in  a  mono-  _■>, 
pulse  system  is  due  to  its  operating  principle.  As  we  know,  in 
monopulse  systems  one  pulse  is  sufficient,  in  principle,  for  the 
accurate  determination  of  t.arget  direction.  Since  during  the  time 
of  this  pulse  the  Effective  reflecting  surface  of  the  target  is 
virtually  unchanged.,,  a  monopulse  system  has  little  sensitivity  to 
amplitude  fluctuations  in  the  reflected  signals.  Hence  it  follows 
that  the  angle-measuring  channel  has  little  sensitivity  also  to 
noises  with  amplitude  modulation.  On  the  contrary,  amplitude- 
modulated  noise,  possessing  a  certain  power  excess  over  a  reflected 
signal,  eases  the  operation  of  a  monopulse  angle-measuring  channel 
since  it  increases  the  equivalent  reflecting  surface  of  the  target 
and  thus  broadens  the  range  of  ranges  in  which  normal  target  tracking 
is  possible. 

This  is  valid  not  only  for  amplitude-modulated  noises  but  also 
for  noises  with  other  types  of  modulation  emitted  from  one  point  in 
space,  for  example,  frequency  modulated  and  phase  modulated  noises, 
if  only  the  receiving  channels  are  identical  in  amplitude-phase 
characteristics. 

However,  in  practice  it  is  difficult  to  create  ideal  monopulse 
receivers  and  defects  can  occur  in  design  and  circuitry-.  These 
defects  can  reduce  noise  immunity  with  respect  to  active  noises, 
including  noises  emitted  from  one  point. 

«  / 

Defects  which  reduce  noise  immunity  in  monopulse  radars,  in 

addition  to  nonidentity  of  amplitude-phase,  .characteristics ,  usually 

♦ 

include  nonlinearity  of  amplitude  characteristics  for  receiving 
channels,  time  lag  of  the  AGO  system,  a  difference  in  transmission 
factors  for  antenna  channels,  etc. 
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With  noil  line  acl  ty  'o  £  t h ecamp  lit  ndei  'characteristics  strong 
noise  can  tpY£r$ad  receiving  channels  .and  thus'  disrupt  normal- 
operating  conditions  ..since  ‘With  saturation 'In  the  circuit  element 
of-,  the  , auto  tracking  system,  the  transmission  of  amplitude  signal 
variations  is  hindered,  which,  ..with.  the,.. amplitude  method  of  direction 
finding i  leads  ^.partial  dr.  full. breakdown  -of  error  signal  shaping. 
The.  latter  is  equivalent  to  sery.osyst.em  disconnection  and  inevitably 
increases  direction  {finding.,  error.  .; 


Errors  obviously-' increase. if  overload  is  created  periodically 
by  manipulation  ^.turning  bn  and  off)  of  .noises  3ince,  'in  this  case, 
to  eliminate  .errors  in  a  radar,  identity  of  static  characteristics 
is  insufficient;  .identity  of  dynamic  characteristics  for  the  receiving 
.•channels  is  also- required.  In  a  number  of  caseb,  the  effect  of 
■powerful,  hois.e-,  manipulated  .with  a  specific  frequency,,  can  cause 
,an  angular  swing  of  the  antenna  because  of  the  resonance  properties 
and  the  .time  lag  of  the  -servosystem.  However,  the  possibility  of 
manipulated,  noises  ,  is  substantially  reduced  with  the  use  of  receivers 
with  logarithmic  characteristics  and  high-speed  amplification  con¬ 
trol  systems. 


< 


In  the  presence  of  an  inertial  AGO  system,  the  switching  off 

of  powerful  noise  can  lead  to  the  disconnection  of  the  servosystem 

circuit  for  the  period  of  time  necessary  to  restore  sensitivity  of 

the  receiver  to  a.  level  sufficient  fpr  the  reception  of  reflected 

signal.  Without  control  signals  at  its  input,  the  antenna  system 

in  this  period  will  either  remain  still  or  move  from  inertia,  which, 

in  both  cases,  increases  angular. tracking  errors.  In  the  case  of 

a  logarithmic  receiver  or  a  receiver  with  a  high-speed  AGC  system, 

\  .  *  "  '  * 

motion  from  Inertia  or  a  constant  antenna  state  will  be  reduced  to 
a  minimum  since  after  switching  off  the  powerful  noise  the  servo¬ 
system,  almost  Instantaneously  will  go  to  tracking  on  the  signal 
reflected  from  the  target. 


Occupying  a  somewhat  isolated  position  with  respect  to  noise 
Immunity  are  monopulse  systems  which  use  receiving  channel  switching 
to  reduce  the  requirements  for  identity  of  amplitude-phase  char- 


acteristics.  The  introduction  of  switching' makes  such  systems, 
under  certain  conditions,  vulnerable  to  amplitude-modulated  noises 
emitted  from  one  point  [75].  We  shall  illustrate  this  in  the 
example  of  an  amplitude-amplitude  system  with  signal  processing 
according  to  the  principle 

S(0)  =  In  !«,(*,  0)|  —  In  l«j  (/*  0)1- 

(7.1) 

7.2.1.  Noises  of  a  monopulse  radar  on  receiving-  channel 
switching  frequency.  Wnen  switching  receiving  channels  in  an  amplitude- 
amplitude  monopulse  radar  with  logarithmic  amplifiers,  as  shown  in 
in  Chapter  6  (section  6.4.6),  error  signal  is  determined  by 
expression 


S(S)==tfo*te.+.  1)1*9. 

(7.2) 

According  to  this  expression,  the  equilibrium  of  the  system 
corresponding  to  the  condition  for  target  finding  occurs  at  0  =  0 
regardless/  of  the  inequality  of  receiving  channel  transmission 
factors. 

Let  us  consider  the  effect  of  amplitude-modulated  noise  on 
direction  finding  accuracy  for  this  system.  For  simplicity  we  shall 
disregard  the  reflected  signal  and  assume  that  the  noise  is  modulated 
by  a  signal  of  meander  form  with  switching  frequency  of  the  radar 
receiving  channels  in  phase  with  the  switching  signal.  Then  signals 
at  output  of  the  i-f  amplifier  channels  for  the  first  and  second 
cycles  of  the  switch  in  designations  used  for  Chapter  6  can  be  repre¬ 
sented  in  the  form  of  the  following  expressions: 

/  A 

«I,  (tr  6) = Kn  In  * ,£0  (r -f m„)  (l-f*t0)  exp  i  © 
w«  ((»  9)  —  K0a  In  (1  -f-wB)  (I  —  p0)  exp  i  ©Dp(, 

ur.(tt  0)  =  Koi In KtE9 { I  — m„) ( l  —  p0) exp 


(7.3) 

(7.4) 

(7.5) 
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Un  (tt  $J  =£'Kit  lnKiE'  (1  —/Mb)  (1  -HO  )  exp  I  ®np f  t 


(7.6) 


where  mn  is-  the  modulation  index  of  the  noise. 


Hence  we  obtain  the  resulting  error  signal  at  output  of  the 
comparing  device: 


S  (0)=4HSi  («>  -  s?  (0)] =4-1  \un  (t,  6)1- 

•  l?w(A  ®)l  —  i“u((i  0)|i= 

■  —  JLfif  inii±^)ii±A 

2  p‘ra  (I -/»„)(! -ix8) 
rp  i n  (1  +  wu)  (1  — |x0)  1_ 

B«,nTr-«Hr+P)J-  .. 


+(g.+>)i*(iip)]~4"t«Hi  1)X 
'  ■  Xln(^)+2to+'>1‘9} 


(7.7) 


Equating  S (0 )  to  zero  and  solving  the  equation  relative  to  p6,  we 
find 


)“2Ur,+  l)ln(  Y+ml  )~“ln(l  4-m.)  • 


2(*.+  r  +  ffli  / 


(7.8) 


where  k  = 


2lgp  D* 


The  quantity  under  the  logarithm  sign  is  positive  and  small 
with  the  assumptions  made.  This  makes  it  "possible  to  use  the 
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familiar  expansion  of  a  logarithmic  function  in  series  [8]  and  to 
limit  ourselves  to  taking  the  first  term  of  the  series.  As  a  result, 
we  obtain  the  following,  calculation  formula 


Expression  (7.9)  indicates  that  the  modulation  of  the  noise 
with  channel  switching  frequency  leads  to  systematic  direction 
finding  errors.  The  value  of  these  errors  is  determined  by  the- 
noise  modulation  index  and  the  value  of  nonidentity  of  i-f  amplifier 
channels  with  respect  to  transmission  factor. 

Figure  7.^  presents  the  dependence  of  generalized  direction 
finding  error  on  the  value  of  amplitude  nonidentity  for  receiving 
channels,  calculated  according  to  formula  (7.9)  for  the  case 
mn  =  0.5  and  0.9.  As  is  apparent  from  the  figure,  with  identical 
channels  (gQ  =  1)  direction  finding  error  is  zero  and  noise  with 
amplitude  modulation  on  the  switching  frequency  of  the  receiving 
channels  has  no  harmful  effect. 

Using  the  calculated  dependences,  we  can,  based  on  known 
direction  finding  sensitivity,  determine  the  absolute  value  of 
direction  finding  error.  Thus,  when  mp  =  0.9  and  gQ  =  1.3,  systematic 
angular  error  is  0.8°  with  p  =  0.25  1/deg;  0.33°  with  p  -  0.6  1/deg 
and  0.27°  with  p  =  0.75  1/deg. 

The  direction  finding  error  which  occurs  under  the  effect  of 
noise  with  synchronous  amplitude  modulation  on  switching  frequency 
is  near  in  value  to  the  errors  in  a  similar  direction  finding  system 
without  switching  (Fig.  6.6),  occuring  because  of  the  nonidentity 
of  amplitude  characteristics  for  receiving  channels.  Consequently, 
synchronous  amplitude  modulated  noise  on  switching  frequency  is 
capable  of  substantially  disturbing  the  effectiveness  of  introducing 
channel  switching. 
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Pig.  7.1*.  Dependence  of  generalized  systematic  direction  finding 
error  on  the  value  of  nonidentity  of  transmission  factors  for 
receiving  channels  under  the  effect  of  amplitude-modulated  noise 
on  switching  frequency. 

This  case  corresponds  to  ideal  conditions  when  noise  modulation 
in  amplitude  is  accomplished  in  phase  with  switching  frequency  for 
receiving  channels.  Under  actual  conditions,  such  a  case  does  not 
exist  since  we  can  calculate  only  to  an  approximate  value  the 
switching  frequency  of  the  receiving  channels.  In  this  case,  the 
effectiveness  of  noise  will  depend  not  only  upon  its  modulation  index 
but  also  upon  modulation  frequency  and  phase  ratios  of  the  modula¬ 
tion  and  switching  signals. 

Since  the  servosystem  of  the  radar  is  narrow-band,  one  of  the 
conditions  for  creating  noise  on  switching  frequency  is 

|£ty< — $2jjJ^2jtA:Fqcj —  (7.10) 

where  AFcc  is  the  passband  width  of  the  radar's  servosystem,  fln  is 
the  noise  modulation  frequency,  and  0  is  the  switching  frequency  of 
the  receiving  channels. 

Condition  (7.10)  means  that  amplitude-modulated  noise  can  have 
an  effect  on  a  monopulse  radar  using  the  switching  of  receiving 
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channels  only  if  its  modulation  frequency  is  equal  to  the  switching 
frequency  of  the  channels  with  accuracy  up  to  the  passband  of  the 
servosystem. 

When  the  switching  frequency  is  accurately  known  but  it  is  not 
possible  to  synchronize  the  amplitude  modulation  of  the  noise  with 
respect  to  phase,  the  phase  ratios  can  be  changed  from  ~ir  to  ir  and 
the  effectiveness  of  the  noise  will  also  change  from  zero  to  its 
maximum  value  determined  by  formula  (7.9).  The  need  to  change 
phase  ratio  is  also  brought  about  by  instability  of  switching 
frequency  for  receiving  channels  and  modulation  frequency  of  the 
noise. 

On  the  assumption  of  the  equally  probable  law  of  phase  shift 
distribution  in  the  process  of  a  noise  effect,  the  value  of  errors 
in  this  case,  can  be  characterized  by  standard  error 


g_ 

V'3  *  (7.11) 

Taking  into  account  the  secret  nature  of  switching  frequency, 
the  possibility  of  creating  synchronous  noise  on  the  switching 
frequency  is  unlikely.  This  is  even  more  valid  if  switching  based 
on  a  special  coded  program  is  used. 

7.2.2.  Coherent  noises  created  from  two  points  in  space. 

Tl..i  principle  involved  in  creating  coherent  noises  is  found  in  the 
creation  of  phase  nonuniformity  in  the  aperture  of  the  receiving 
antenna  by  irradiating  it  with  coherent  signals  from  two  separated 
points  in  space  [10,  78]. 

The  physical  bases  for  this  method  of  creating  noise  is  dis¬ 
cussed  in  Chapter  5  in  sufficient  detail  in  the  discussion  of  a 
phase  wave  front  of  a  signal  from  a  two  point  target.  It  has  been 
established  that  if  the  target  has  two  signal  sources,  then,  with 
certain  amplitude  and  phase  ratios  for  the  signals,  the  phase 
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front  of  the  wave  is  distorted  as  compared  with  the  case  of  a  single¬ 
point  target,  due  to  which  conditions  are  created  which  impair 
direction  finding  accuracy  for  several  types  of  radars  including 
those  working  on  the  monopulse  method. 

For  further  clarification  of  phenomena  connected  with  the 
reception  of  signals  from  a  two-point  target  and  encompassing 
the  possibility  of  countermeasures  by  radar  direction  finding 
systems  with  the  aid  of  organized  noises,  let  us  examine  the  reception 
and  processing  of  signals  from  two  point  coherent  sources  in  amplitude 
and  phase  monopulse  systems. 


Fig.  7.5.  Diagram  of  amplitude  direction  finding  on  a  two-point 
target . 

KEY:  (1)  Source  lj  (2)  Source  2j  (3)  ESD. 

1.  Direction  finding  of  a  two-point  source  of  coherent  signals 
by  an  amplitude  sum-difference  monopulse  radar.  Let  us  assume  that 
point  sources  of  coherent  signals  (Fig.  7-5)  are  located  within 
the  linear  section  of  the  direction  finding  characteristic  and  a  linear 
approximation  of  radiation  patterns  is  valid 


F(6,±:8)  =  F{0#)(1  qrpO). 


(7.12) 


In  analyzing  the  direction  finding  of  a  two-point  source  of 
coherent  signals  by  an  amplitude  sum-difference  monopuise  system, 
we  use  expression  (4.23).  Taking  into  account  (7.12).  we  obtain 

( 1,4- 1*9»)  (l-j-^*)  f*  (60)  cos  a, 

^.  =  (1  ~it0,)(l-p9,)Fa(fi.)cosa, 

1^4  =  W’(0.), 

4f?(6l),  ' 

.07,  =  4/^(0,,)  cos  a, 

^  =  4^(0O).  ' 


Substituting  these  values  into  (4.23),  after  elementary  con¬ 
versions  we  obtain 


S  (0) _ H-(9i  Q-f-a  cos  a)  (a*  -}-  a  cos  a)] . 

'  '  1 4-  2a  cos  a  4-  a*  * 


Equating  (7.13)  to  zero,  we  find  the  condition  determining  the 
position  of  equisignal  direction  during  direction  finding  on  a 
two-point  target: 


0t  (1  -f-  a  cos  a) + 0,  (a* +>  cos  a) = 0. 

(7.14) 

For  convenience,  let  us  estimate  the  direction  finding  error 
being  formed  relative  to  the  middle  of  the  base  (distance  between 
sources).  In  this  case, 

».=«+■£;  »,=9— 

Substituting  the  values  of  0^  and  02  into  (7.14)  and  taking 
into  account  the  fact  that  a  <  1,  as  a  result  of  solving  equation 
(7.14)  relative  to  9,  we  obtain  the  familiar  expression  first  deduced 
by  Meed  [33] 
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(7.15) 


0 _ i-ra* 

in  "  2  (! -f  a*  +  2a  cos  a) 

Expression  (7.15)  is  analogous  to  expression  (5*1*0  determining 
the  change  in  the  slor  of  the  phase  front  of  a  wave  from  a  two-point 
source  as  compared  with  the  phase  front  formed  by  a  point  signal 
source. 

The  correspondence  obtained  attests  to  the  fact  that  during 
direction  finding  on  point  sources  with  small  errors  a  radar  system, 
in  the  final  analysis,  seeks  the  direction  of  the  normal  to  the 
phase  front  of  waves  reflected  from  target,  and  distortions  of  the 
phase  front  from  interference  phenomena  of  a  multipoint  source  of 
target  signals  or  from  intended  parameter  control  by  radiated 
noise  signals  must  inevitably  lead  to  an  increase  in  direction 
finding  errors.  The  value  of  direction  finding  error,  as  can  be 
seen  from  expression  (7.15),  depends  upon  the  distance  between 
radiating  sources,  the  phase  shift  of  signals  emitted  by  them,  and 
their  amplitude  ratios  at  input  of  the  direction  finding  system. 

Figure  7-6  presents  the  calculated  dependences  of  angular 
direction  finding  error  in  relative  values  of  base  dimension  (distance 
between  sources)  on  amplitude  and  phase  ratios  of  noise  signals. 

The  calculated  curves  show  that  the  value  of  direction  finding  errors 
does  not  depend  upon  the  direction  of  the  deviation  relative  to 
the  sources. 

Examining  the  dependence  when  a  **  1.25,  we  can  see  that  with 
signals  in  phase  the  value  of  angular  error  is  approximately  0.6 
the  value  of  angular  distance  between  sources.  Therefore,  even 
with  proper  aiming  of  the  radar  to  one  of  the  sources,  equisignal 
direction  moves  to  a  point  located  approximately  in  the  middle 
between  the  targets.  With  an  increase  in  noise  signal  phase  difference 
the  value  of  angular  error  increases  and  reaches  maximum  value  with 
a  signal  phase  shift  of  l80°.  Theoretically,  direction  finding 
error,  at  this  moment,  can  reach  very  high  values.  In  practice. 


32*J 


however,  these  errors  are  limited  by  the  radiation  pattern  and 
cannot  exceed  in  value  the  width  of  the  radiation  pattern  of  the 
suppressed  radar’s  receiving  antenna. 

With  receiving  signals  in  phase  (a  =  0)  direction  finding 
error  decreases  to  a  value  of  (1  -  a)/2(l  +  a),  which  corresponds 
to  the  power  "center  of  gravity"  of  the  two  sources.  If  signal 
amplitudes  are  equal,  the  power  "center"  agrees  with  geometric 
center,  passing  through  the  middle  of  the  base  of  coherent  signal 
sources. 

The  direction  of  radar  antenna  deflection  upon  reception  of 
signals  from  two  coherent  sources  is  determined  by  amplitude  ratio 
a  and  when  passing  through  a  point  corresponding  to  equality  of 
signals,  changes  to  the  inverse  (Fig.  7.7).  We  should  keep  in  mind  1 
that-  the  graphs  presented  in  Figs.  7.6  and  7-7  are  valid  only  up  to 
values  of  errors  lying  within  the  linear  part  of  the  antenna  radiation 
pattern. 


Fig.  7*6.  Calculated 
dependence  of  angular 
direction  finding  errors 
for  a  two-point  target 
on  amplitude  and  phase 
ratios  of  coherent 
signals  radiated  by  the 
target . 

KEY:  (1)  Target 
position. 
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2.  Direction  finding  of  a  into -paint  source  of  coherent  ; 
sighats  by  a  phase  surf- difference'  monbpuisa  system.'  The  direction- 
finding  condition'  for'  at  two-point'  target  by  a  phase  sum-difference 
monopulse  system  (*Figv  7*8)'  can  be  fount}’  from*  equation,  S(9)  *  0.  > 

Using  expression:  (4.^2),  in  accordance-  with’  this,'  we  obtain 


F*  (81)siit^4  a*Fa  (0,)  sitf ?,  -  a'F.  (9,)‘  F  (0,)X 
x  [sin(<x— ?,)  —  sin  {a  -f-  ?.)), 


(7.16) 


where  a  is  the  initial  phase  shift  for  signals  from  a  two-podnt  ! 
target;  ■  ’  i 

?t = W  sin  <?t = kI  sin  8*.  ’ 


ffemowuKl;  • 
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Pig.  7.7.  Dependence  of  relative  Pig.  7.8.  Diagram  of  phase  di- 
angUlar  direction  finding  error  cectiori  finding  .for  a -two-point  i 
for  a  two-point  target  on  signal  target. 

ratios  for  selected  values  of  KEY:  (1)  Source  lj  (2)  Source  2; 
phase  shift.  (3)  ESD, 
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Assuming  the:  radiation  pattern  of  the  receiving  antenna  is 
wide'  enough  and. angles  ©■]_  and  02  are  small,  we  can  take  P(61)  =  P(02) 
land  then  .equation  (7*16)  is  simplified  to  lies 


i  sin  ?, -j-a*  sin  <?,  —  a  [sin  (a  —  ?,)  — 
—  kin  (a  -f-  <?.)]  ==  0. 


(7.17)’.  - 


Substituting  into  equation  (7.17)  the  values  of  <j>,  and  <j>~. 


wei  obtains- 


■  sin  /c/0,  4*  czl  sin  /c/0,  —  a  [sin  (a— /c/0,)  — 


I  i 


— sin:(a  /ir/02)]  =  0. 


(7.18) 


Introducing  angular  coordinate ‘0,  read  from  the  middle  of  the 
base  of  sources  and  the  angular  value  of  the  base  ip  ,  connected 

’  ■  lb  ru  M 

with  the  relationships  ^  =  0  +  @2  =  0  -  ,  and  performing 

elementary  trigonometric  transformations,  equation  (7.18)  can 
be  presented 'in  the  form 

i 

!  J  . 

‘  sin  /c/0  cos  kI  ~-}-cos  kI  0  sin  /c/  ~  J- 

'4*  a1  £sin  /c/0  cos  kI  -y — cos  /c/0  sin  kI  ~  ]  4* 

\  4 -2acos^a  — /c/-y)sin/c/0==O,  ' 

1  /c/0==-~0  =  27t-~; 

A  l  «0,»; 


‘  „/  ™  ^  yg  , 


(7.19) 


.  With'  small  direction  finding  errors  the  values-  of  k70  and 
ip  1  , 

kZ-~  are  rather  low;  there forep 


sin27t-T-r  «  27t  -= — ;  cos  2it-n — &  1; 
9*.»  .  00,0 

Sin  — ss;  cosit-^-^l. 

00,1  00,0  ■  0f,|  * 


I 


I 


In  accordance  with  this,  expression  (7.19)  is  simplified  to: 

-h,4^cos|o  —  *  Js^0=:  o  (7.20) 


or 


29|l  -|-2acos 


(7.2D 


Disregarding  the.  quantity  tt^/Sq  5  as  comPar>ed  with  the  value 
of  a,  since  the  region  of  highest  errors,  (of  interest  to  us)  lies 
near  a  =  n ,  we  obtain  with  a  <  1 


9  . _ 1—jJ* _ _ 

<1*  —  2(l  +  2ac6sa  +  aJ).*  (7.22) 

The  expression  obtained  is  analogous  to  that  derived  for  the 
case  of  an  amplitude  sum-difference  monopulse  system.  We  can  show 
that  for  simple  amplitude  and  phase  monopulse  systems  expressions 
determining  direction  finding  error  for-  a  two-point  signal  source 
are  obtained  in  the  same  manner. 


Thus,  with  respect  to  angular  errors  during  the  direction 
finding  of  s.  two-point  source'  of  coherent  signals,  monopulse  systems 
with  amplitude  and  phase  direction  finding  are  identical  and  all 
conclusions  made  with  respect  to  an  amplitude  monopulse  system 
pertain,  to  the  same  extent,  to  a  phase- monopulse  system. 

The  correspondence  of  formulas  (7.22)  and  (5.1*0  attests  to 
the  fact  that  phase  systems,  as  well  as  amplitude,  during  direction 
finding  of  points  target  with  low  errors,  determine,  the  position  of 
the  normal  to  the  phase  front  of  the  Signals  received  and  the 
different  distortions  of  the  phase  front  inevitably  lead  to  a 
reduction  in  direction  finding  accuracy. 


O 
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The  phenomena  described  above,  observed  during  direction  finding 
of  two-point  sources  of  coherent  signals,  are  basic  to  the  creation 
of  coherent  noises  by  a  monopulse  radar Because  of  this,  in  the 
creation  of  coherent  noise  radiation  is  carried  out  through  two 

v  1  , 

antennas  and  the  parameters  of  the  noise  signals  (amplitude  and 

phase  ratios)  are  adjusted  so  as  to  ensure  the  conditions  for 

obtaining  maximum  direction  finding  errors  by  the  suppressed  radar. 

The  effect  of  coherent  noise  is  manifest  in  the  deflection  of  the 

equisignal ^direction  of  the  suppressed  radar  from  the  direction  to 

noise  producer-target. 

' » 

A  limitation  of  ‘  this  method  of  creating  noise  is  the  fact  that 
it  requires  rapid  information  processing  with  optimization  of  noise 
signal  parameters  and  also  that  it  is  suitable  only  for  use  at  short 
distances  [78].  The-  latter  is  a  consequence  of  the  operating  char-  8 
acteristics  of  coherent  noises,  the  fact  that  direction  finding 
errors  are  proportional  to  the  value  of  the  distance  between  noise 
sources  and  at  great  distances,  when  the  angle  of  sight  for  sources 
arranged  within  the  geometric  dimensions  of  the  noise  producer  is 
of  low  value,,  they  are  insignificant.  Therefore,  the  expected 
effectiveness  of  coherent  noises  at  great  distances  to  the  noise 
producer  is  low.  To  arrange  these  sources  with  the  purpose  of 

t* 

increasing  the  base  for  various 'aircraft  obviously  is  not  advisable 
since  difficulties  are  involved  with  ensuring  the  coherence  of  noise 
signals. 

Coherent  noise  also  has  powsr  limitations  since  in  creating 
it  high  power  levels  are  required.  This  is  due  to  the  fact  that 
its  maximum  effect  is  noted  with  signals  out  of  phase,  when,  in 
essence,  noise  signals  emitted  through  the  spaced  antennas  signifi¬ 
cantly  compensate  each  other.  Therefore,  in  order  to  create  the  . 
necessary  excess  of  resulting  noise  over  reflected  signals,  compara¬ 
tively  high  power  levels  for  the  noise  signals  are  required.  These 
levels,  in  practice,  must  exceed  the  levels  of  known  noises  emitted 
from  one  point  in  space. 


%ith-  an,  i’fo'cre.ase^  : di s t.anc e,  ..b  e  t  weeni  ■  coherent  noise  sources, 

..fette:' Requirements. •,i‘or^\ripis,e-  power  ,.-as:  fox?  guidance  .accuracy,  of' -noise 


Signals  in  amplitude-  and  phase. ,(  abe  .sojnewhat.  reduced./ 


• )  • 


In  spite  pff  theVejci'sting,  limitations,,,' ijpherent,  noise, is  usually 
considered;  one;  of' the  possible  fcypes>b'f  acst'ive -noises  in  a  counter*./ 
measure,  system  and.  the,, character  of  its.  action  is  taken  into  account. 
We  should  keep  .ini mind  the  fact,  that  coherent, noise- acts  both  on. 
single-ch'annei'.  and.  tw.o-ohannel  angle-measuring  coordinators  to  .the 
same  extent;;'  therefore,  monopulse  direction  finding  systems  with 
respect  to  coherent  noise  immunity  have  no  special  advantages  over 
ordinary  single-channel  systems  of- direction  finding. 


7.2.3.  flickering  noises,  cheated  from,  two  points  In  space. 

In  the1  creation  of  flickering,  noise  from  two  points  in  space  foreign 
engineers  have'  installed  on  their  noise  carriers  autonomous  transmitters 
with  programmed  emission..  In  the  simplest  version  this  is  merely 
the  alternate  switching  of  transmitters  on. and  off.  The  effect  of 
this  noise  Js  based  on  the  limited  resolution  of.  angle-measurirg 
coordinators  and  can'  be  explained,  in  the  following  manner. 


Let  several  signal  sources  be  located  In  the  unresolvable 
space  of  an  angle-measuring  coordinator.  Without  assuming  the 
possibility  of  resolution  for  each  of  the  sources  with  respect  to 
direction,  the  radar  will  track  the  position  of  the  equivalent  power 
center.  In  the  case  of  an  amplitude  sum-difference  monopulse  radar, 
as  shown  in  §  4.2,  the  position  of  the  power  center  M  of  the  sources 
can  be  determined  from  equation 

£  P„(()lFM9.-«..)-':'(8.+9'«))=0>  (7_23) 

m=l 

where  Pm  is  the  power  radiated  by  the  u-th  source; 

0m  is  the  angular  coordinate  of  the  m-th  source  relative  to 
equisignal  direction. 
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In  the  presence  of  two  noise  producers  with  .angular  positions 
'8^  and  62,  equation  (7.23)  assumes  the  form 

|P«!0+Pc.iO]I/»(0.-»,)—  y1*  <9. +M+ 

+  [P„,  (/) + P«  Ml  [>*  (8.  -  9.)  -  f,  («.  -  wi  =  °.  n,,m 

where  P,cl  and  Pc2  are  the  powers  of  signals  reflected  from  targets; 
Pni-.and  Pn2  are  the  powers  of  noises  radiated  by  the  targets. 

Approximating  the  radiation  pattern  by  the  proper  functions, 
we  can  find  the  direction  finding  condition  at<-any  value  of  target 
spacing  and  power  ratios  for  signals  being  emitted  from  the  target. 

With  small  angular  target  spread,  when  the  antenna  radiation 
pattern  can  be  approximated  by  linear  function 

..  .  f(6,±e)=f(«,)(iTi.e), 

(7-25) 

we  obtain  '  . 

[Pm  ( t )  +  Pc,  (01  9,  -f  l Pai  ( t )  +  Pc  (01  9,  =  0.  (7.26) 

Assuming  P  ,  =  P  9  =  P  ,  which  is  sufficiently  valid  with  single-typ 

OX  O  c.  C 

targets  and  reading  direction  finding  error  A0  relative  to  the  posi¬ 
tion  of  the  geometric  center  of  the  targets,  when 

e,==Ae~^.  H 

[n  =  and] 

where  ^  is  the  angular  base  of  the  sources,  equation  (7.26)  can 
be  represented  in  the  form 


[Pm  (0  +  Pnt  (0  -f2Pc  (0]  A0  —  [PDl  (/)  _  pat  (/)]  J^L-sO. 


331 


Hence  it  follows  that 


_ Ai  (0  — t  Pnt  (0 

*?  n  ^W  +  Ai<<)'+2A0‘ 


(7.27) 


The  equation  obtained  defines  the  provision  of  the  power  center 
of  the  radiation  relative  to  the  geometric  center  of  the  signal 
sources. 

For  simplificatlpn  let  us  assume  that  the  power  of  the  reflected 
signal  is  substantially  less  than  the  .power  of  the  noise  sources. 

Then  we  can  write 


2A8  Ai  (0  —  At  (0  • 

Ai  (0  4*  Af  (<r  (7.28) 


From  expression  (7.2,8)  it  follows  that  position  of  the  power 
center  of  the  radiation  is  determined  by  the  power  ratios  of  the 
noise  sources  and  the  character  of  the  noise  variation  with  time. 


Let  the  noise  transmitter  power  be  equal  and  transmitter  emission 
be  alternate.  Then  when  Pnl  =  0  =  -1,  when  Pn2  s  0  =  1. 

We  obtain  a  trival  result  establishing  the  movement  of  the  power 
center  within  the  source  arrangement  in  a  cycle  with  the  switching 
of  noise  transmitters . 

A  radar  tracking  the  noise  producers,  in  this  case,  will  attempt 
to  track  first  one  then  another  target,  due  to  which  the  radar 
antenna  will  swing  in  cycle  with  the  switching  of  the  noise.  This 
substantially  complicates  determining  angular  coordinates  of  targets 
and  their  resolution  with  respect  to  direction.  The  angle  between 
targets,  at  which  their  resolution  under  flickering  noise  begins, 
increases. 

In  guiding  a  missile  to  a  paired  target f  an  increase  in  critical 
target  resolution  angle  inevitably  leads  to  an  increase  in  the 
extent  of  the  miss,  since  a  miss  and  critical  target  resolution 
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angle  ar;e  connected  by  relationship  [10] 

A  l  =h_ _ i  •  ne% 

2  2  i/2  82  *  (7.29) 

where  A l  is  the  value  of  the  miss  in  linear  units; 

Zg  is  the  projection  of  the  linear  value  of  the  base  (distance 
between  target)  to  a  plane  perpendicular  to  the  line  of  view; 
ng  is  the  maximum  possible  G  forces; 

Voth  is  the  rate  of  convergence  of  rocket  and  target; 

0Kp  is  the  critical  target  resolution  angle. 

Because  of  this,  foreign  experts  consider  flickering -noise 
an  effective  type  of  noise  for  missile  guidance  systems  [103]. 


Obviously,  in  order  that  the  direction  finding  system  track  the 


power  center  moving  in  space  under  the  effect  of  flickering  noises, 
transmitter  switching  frequency  must  be  in  agreement  with  the  pass- 
band  of  the  servosystem  of  the  angle-measuring  coordinator  AF_  . 

If  we  assume  the  minimum  duration  of  radiation  for  each  of  the 
transmitters  as  equal  to  the  time  constant  of  the  servosystem,  then 
with  a  high-speed  AGC  system  for  the  radar  receiver  the  permissible 
switching  frequency  for  noise  transmitters  on  square  law  can  be 
determined  from  the  following  inequality: 


1  .  ■ 

^77’ 


(7.30) 


where  T  is  the  transmitter  switching  period. 

H 

Hence 
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Since  thfe  effect  of  flickering  noises  reduces  to  the  repeated 
realignment  of  the  suppressed  angle-measuring  coordinator  from  one 
target  to  another  by  irradiating  it  with  a  more  powerful  signal  from 
another  direction,  another  no  less  important  noise  parameter  than 
switching  frequency  is  it s< power  or,  more  accurately,  the  excess  of 
noise  over  the  signal.  With  the  linearization  of  direction  finding 
characteristic  assumed,  the  excess  of  noise  power  over  signals 
necessary  for  causing  radar  realignment  can  be  determined  from 
expression  (7.27). 

t 

Let  us  assume  that  at  the  initial  moment  target  2  is  being  tracked. 
When  the  radar  is  realigned  on  target  1,  noise  emission  from  target 

i 

2  ceases  ('P  ^  =  0)  and  noise  emission  by  target  1  is  turned  on. 
Expression  (7.27)  in  this  situation  assumes  the  form 


CAS _ PBt  '  . 

'ta  P  si  -b 


(7.32) 


Solving  equation  (7-32)  relative  to 


a  s 


we  obtain 


(7.33) 


where  y  =  -r— . 

The  quantity  y  =  1,0  corresponds  to  the  ease  of  accurate  direction 
finding  when  the  radar  antenna  swings  in  a  sector  equal  to  the 
angular  separation  of  the  noise  producers  ib  . 

fI 


Calculations  with  formula  (7.33)  show  that  in  order  to  provide 
antenna  swing  in  sector  0.8^,  noise  excess  over  signals  must  be 
9  dB.  If  the  dimension  of  the  angular  target  base  exceeds  the  limits 
of  the  linear  section  of  the  direction  finding  characteristic,  calcu¬ 
lations  must  be  performed  taking  into  account  the  actual  radiation 
pattern  and  expression  (7.24),  using  this  method.  We  should  mention 
that  noise  transmitter  switching  can  be  carried  out  only  according 
to  random  law. 


13.,. 
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As  with  coherent  noise  emitted  from  two  points,  flickering 
noise  is  universal  in  the  sense  thao  under  certain  conditions  it 
can  affect  direction  finding  systems  of  various  types,  'i’his  is 
explained  by  the  fact  that  its  affect,  in  the  final  analysis  is 
also  connected  with  the  change  in  the  slope  of  the  phase  front  of 
radio  waves  received  by  a  radar  antenna. 

7.2.4.  Noises  with  frequency  wobble  created  from  two  or  more 
points.  It  was  shown  earlier  that  transmitters  with  continuous 
rapid  retuning  (wobbling)  of  frequency  can  be  used  as  a  source  of 
camouflaging  noises.  As  in  the  case  of  flickering  noises,  a  radar 
in  this  case,  as  it  were,  sees  various  targets  appearing  in  a  rapid 
sequence  as  the  frequency  of  the  noise  transmitters  successfully  hits 
in  the  passband  of  the  radar  receiver.  The  interfering  effect  from 
the  angle-measuring  channel,  in  this  case,  will  be  somewhat  similar  ‘ 
to  the  effect  of  an  ordinary  group  target  with  the  only  difference 
being  that  range  resolution  will  be  impossible  since  the  noise 
transmitters  operate  in  continuous  mode  [103]. 

If  the  transmitter  frequency  wobble  rate  decreases  in  accordance 
with  the  requirements  of  action  on  an  angle-measuring  channel,  and 
the  aircraft  flying  in  a  dispersed  formation  are  supplied  with  such 
transmitters,  frequency-retunable  noises,  in  principle,  can  create 
the  effect  of  flickering  noise  and  can  be  a  means  of  suppressing 
an  angle-measuring  channel,  including  one  operating  on  the  monopulse 
method. 

The  effect  of  flickering  noises  with  frequency  wobble,  in  this 
case,  is  explained  by  the  fact  that  a  radar  at  the  moment  noise 
frequency  agrees  with  the  tuning  frequency  of  its  receiver  will  go 
to  autotracking  on  the  corresponding  noise  producer.  With  noise 
frequency  output  beyond  the  passband  of  the  receiver,  radars  will 
continue  to  track  the  same  target  but  always  on  the  reflected  signal. 

At  the  moment  the  frequency  of  noise  emitted  from  another 
aircraft  coincides  v/ith  receiver  tuning,  the  range-measuring  channel 
of  a  radar  is  jammed  by  the  noise,  due  to  which  target  selection 


with  respect  to  range  is  hampered  and  the  radar  goe3  to  autotracking 

ll>  i 

on  a.  new  target  based  on  the  noise.  'Since  an  aircraft  emitting 
noise-,  in  the  latter  case,  will  be  in  another  direction  the  antenna 
system  turns  to  this  new  direction.  A  similar  reairoing  occurs  with 
a  second  arrival  of  noise  from  the  first  target  or  another  new  target. 

As  a  result  of  the  repeated  action  of  noises  emitted  from  spaced 
sources  of  frequency-retunable  noises,  the  antenna  system  will  go 
from  tracking  one  target  to  tracking  another  target  and,  consequently, 
will  experience  rocking  in  accordance  with  the  programmed  operation 
of  noise  transmitters. 

In  order  that  a  radar  be  able  to  find  the  source  of  noise,  the 

duration  of  the  period  the  frequency-retunable  noise  is  in  the 

receiver  passband,  obviously,  must  be  equal  to  the  time  constant  of 

the  angle  measuring  servosystem  or  be  greater  than  it.  If  the 

receiver  passband  is  Af,  noise  frequency  retuning  rate  is  Vf,  and 

angle-measuring  servosystem  passband  is  AF„  ,  the  indicated  condition 

c  c 

for  creating  noise  with  frequency  wobble  can  be  expressed  mathematically 
in  the  form: 

L-. 

TT*"-  A  fo. 

(7.3^) 

Hence  we  can  determine  the  anticipated  frequency  retuning  rate  for 
noise  from  formula 


V/^A/AFoc.  (7.35) 

When  Af  =  3  MHz,  AF  „  =  1.5  Hz,  Vf  <  4.5  MHz/s. 

The  permissible  noise  frequency  retuning  rate  is  rather  low, 
which  is  its  limitation  since  with  retunlng  in  a  wide  frequency  range 
the  interval  between  noise  action  will  be  large,  substantially 
reducing  the  expected  flickering  effect  for  the  target  being  tracked. 

With  significantly  higher  retuning  rate  when  the  time  between 
effects  becomes  commensurate  with  the  time  constant  of  the  receiver, 


«< 


336 


the  expe'cted  effect  in  the  angle-measuring  channel  is  similar  to 
the  effect  of  a  group  target  regardless  of  the  difference  of  distances 
from  the  radar  to  the  separate  targets  of  the  group,  since  range 
resolution,  in  this  case,  is  hampered  by  the  effect  of  the  noise. 

The  effect  of  noise  with  frequency  wobble  on  many  radars  whose 
operating  frequencies  cover  the  range  of  transmitter  frequency 
tuning  and  the  comparative  simplicity  of  the  noise  equipment  are 
advantages  of  this  type  of  noise. 

7.2.5.  Noises  on  crosspolarization.  Unlike  the  types  of 
noises  examined  in  paragraphs  7- 2. 2. -7. 2.4,  noise  on  crosspolarization 
is  created  from  one  point  and  therefore,  is  considered  suitable 
for  the  individual  protection  of  objects.  The  principle  of  its  , 

creation  lies  in  the  irradiation  of  radar  receiving  antennas  by  high 
frequency  signals  which  agree  in  frequency  but  have  polarization 
which  agrees  with  the  crosspolarization  of  the  antenna  [78]. 

Earlier  (Chapter  2)  it  was  shown  that  antenna  systems,  in  addi¬ 
tion  to  radiation  on  a  main  (working)  polarization,  radiate  part 
of  their  power  in  crosspolarization,  orthogonal  to  working  polarization. 
Because  of  this,  an  antenna,  in  addition  to  a  radiation  pattern  on 
working  polarization,  has  a  radiation  pattern  on  crosspolarization 
which  differs  in  its  structure.  Thus,  in  parabolic  antennas  the 
radiation  pattern  on  crosspolarization  usually  has  four  lobes 
symmetrically  ranged  with  respect  to  the  equisignal  direction  of 
the  antenna,  with  maxima  which  do  not  coincide  with  the  maximum  of 
the  main  diagram. 


Since  the  level  of  the  pattern  on  crosspolarization  differs 
from  the  level  of  the  pattern  on  main  polarization  by  approximately 
two  orders,  under  normal  operating  conditions,  the  effect  is  scarcely 
noticeable.  When  an  antenna  is  irradiated  by  powerful  signals  with 
a  polarization  which  agrees  with  its  crosspolarization,  the  role 


pf  the  radiation  pattern  on  crosspolarization  can  be  amplified  and 
thus'disfort  the^radiation  pattern  of  the  uirection  finding  antenna. 
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In  the  extreme  case,,  when  the  power  of  the  noise  exceeds  by 
several  orders  the  power,  of  the  reflected  signal,  the  resulting 
pattern  of  the  receiving,  antenna  will*  be  determined  by  the  pattern 
on  crosspolarization.  Since  the  radiation  pattern  m  crosspolariza¬ 
tion  substantially  differs  in  structure-  from  the  main  radiation 
pattern! ,  this  leads  to  a  distortion  of  the  direction  finding  char¬ 
acteristic  of  the  system  and,  as  a  consequence,  to  the  substantial 
impairment  of  direction  finding  accuracy. 

During  countermeasures  on  a  radar  with  linear  polarization  the 
effective  noise  is  noise  with  a  polarization  orthogonal  to  the 
working  polarization  of  the  radar.  In  this  case  [78],  noise  on 
crosspolarization  generates  a  strong  interconnection  of  azimuth 
and  elevation  channels,  i.e.,  leads  to  a  misphasing  of  the  coordinate 
system.  With  the  creation  of  such  noise,  guidance  based  on  polariza¬ 
tion  is  accomplished  automatically  based  on  radar  signals  received 
on  board  the  aircraft  with  the  aid  of  a  system  which  analyzes  the 
polarization  of  the  radar  signals  and  automatically  establishes  a 
polarization  of  the  emitted  noise  signals  orthogonal  to  the  polariza¬ 
tion  of  the  sunoressed  radar  [78]. 

Since  noise  on  crosspolarization  leads  to  a  distortion  of  the 
wo/King  radiation  pattern  for  the  radar  antenna,  it  must  act  both 
on  monopulse  and  on  the  ordinary  single-channel  angle-measuring 
coordinators.  In  this  sense,  noise  on  crosspolarization  is  universal. 

§  7.3.  METHODS  OP  PROTECTING  MONOPULSE  RADARS  PROM 
CERTAIN  TYPES  OF  RADIO  NOISES 

Table  7.1  lists  several  types  of  noises  which  can  be  applied 
to  monopulse  radars  and  the  possible  method  of  protection  from  them 
[68,  74]. 

The  listed  type  of  noises  generally  affect  either  the  visual 
channel  of  the  radar  or  the  target  tracking  channel  with  respect  to 
range  and  speed.  Let  us  pause  for  more  detail  on  the  protection 
of  an  angle-measuring  channel  from  certain  noises. 


Types  of  radio  noises 


Protection  methods 


Nonsynchronous  pulsed  noise 
with  low  repetition  frequency 

Wide-band  noise.  Nonsyn¬ 
chronous  pulsed  noise  with  very 
high  repetition  frequency 


Noise  in  the  form  of  unmodu¬ 
lated  carrier 


Multiple  responding  pulsed 

noise 


Noise  with  low-frequency 
wobble 

Noise  with  high-frequency 
wobble 

Decoys 


Dipole  reflectors 

Diversion  of  range  strobe 
from  true  target 

Noises  from  high-altitude 
nuclear  explosions 


Pulse  delay  for  repetition 
period,  its  comparison  with  next 
pulse  and  blanking. 

Increase  of  observation  time 
and  integration.  Suppression  of 
side  lobes  of  antenna  radiation 
pattern.  ; Transmit ter  frequency 
retuning. 

Elimination  of  receiver  sat¬ 
uration  (instantaneous  automatic 
gain  control,  use  of  logarithmic 
■  olifiers,  etc.). 

Repetition  frequency  wobble 
xn  combination  with  protection 
measures  against  nonsynchronous 
pulsed  noise. 

As  in  the  case  of  nonsynchron¬ 
ous  pulsed  noise. 

As  in  the  case  of  wide-band 
noise. 

Selection  based  on  reflecting 
properties,  mass  and  dimensions, 
with  respect  to  trajectory  para¬ 
meters,  degree  of  deceleration 
in  the  atmosphere,  and  ionization 
of  the  air. 

Selection  based  on  speed  and 
acceleration. 

Use  of  Doppler  shift  of  fre¬ 
quency,  narrow  range  strobe,  gating 
based  on  acceleration. 

Territorial  spacing  of  radars 
of  one  group,  operation  on  different 
frequencies  of  single-type  stations, 
duplication  of  objects  for  the 
antiaircraft  and  antimissile 
defense  systems. 


7.3.1.  Methods  of  protection  from  flickering  noises  created 
from  two  or  more  points  in  space.  Since  flickering  noises,  as  has 
been  shown,  pursue  the  target,  impairing  target  resolution,  one  of 
the  possible  methods  of  radar  protection  from  such  noises  is  the 
increase  of  radar  resolution  undergroup-target  operating  conditions. 
Therefore,  the  version  of  a  monopulse  system  with  increased  resolu¬ 
tion,  discussed  in  Chapter  4  (Pig.  4.12),  also  has  increased  Immunity 
from  flickering  noises.  With  the  creation  of  flickering  noises, 
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transmitters  installed  on  targets,  flying  in  a  group  are  turned  on 

and  off  periodically  or  randomly  and  substantially;  complicate  the  '■ 

tracking  of  a  specific  target  for  the  time  necessary  for  an  accurate.  i 

determination  of  its  location  and  the  proper  defense  measures.  Under  1 

these  conditions  the  monopulse  system  discussed  above  makes  it  posSi-  > 

ble  to  track  either  a  left  or  right  target  according  to  the  choice 

made  by  the  operator.  ! 

^  •  '  '  !  !  .  * 

If  tracking  is  carried  out,  for  example,  on  a  left  target  and 

the  signal  from  this  target  suddenly  disappears  and  instead  of  it- 

there  appears  another  signal  emitted  by  a  target  located  to  the  right,  1 

the  resulting  negative  error  signal  for  the  target  selection  channel  , 

I  i 

will  block  the  gating  device  for  a  certain  period  of  time  and  the 

servosystem  will  not  go  to  tracking  the  new  powerful  signal  source 

[103].  Thus  the  main  target  pursued  by  the  flickering  hoises  and 

lying  in  the  area  of  autotracking  breakdown  or  resolution  impairment  . 

will  not  be  reached.  _  .  •  1 

The  effect  of  noises  with  frequency  wobble,  created  from  several  1 
targets  of  a  group,  is  similar  to  the  effect  of  flickering- noises.-  ^ 

Therefore,  the  described  method  of  protection  from  flickering  noises  , 

is  also  a  protection  from  noises  with  frequency  wobble. 

Restricting  the  radiation  pattern : and  reducing  its>  sids  lobe's 

is  also  a  means  of  increasing  the  noise  immunity  of  monopulse  i  1  •  . 

radars  from  flickering  noises  and  noises  with  frequency  wobble  since 

this  procedure  leads  to  an  increase  in  the  required  noise  power  s  :  • 

and  an  increase  in  the  resolution  of  a  radar  with  respect  to  angular  [ 

coordinates.  ;  ’  : 

-  ;  1  1 

I 

7.3.2.  Protection  from  noises  on  crosspolari;zat1on.  Since 

1  1  1 

noise  on  crosspolarization  differs  substantially  in  polarization 
from  the  working  polarization  of  a  radar,  the  obvious  method  of  pro¬ 
tection  from  it  is  the  polarization  selection  of. signals.  A  familiar  . 

■'  A 

means  of  such  selection  is  the  polarization  grids  installed  in  !  , 

antenna  apertures  [28,  77].  .  , 
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;  As  described  in  Chapter, 6,  such  grids  ensure  the  transmission 
of  the  w.orking  signals  with  low  attenuation  and  strongly  attenuate 
signals  with  a  polarization  orthogonal  'to  the  working  polarization. 
Thus  noise  ion  cross  polarization  during  passage  through  the  polariza¬ 
tion  grid  is  strongly  attenuated  and  its  effectiveness  considerably 
reduced. 


Sometimes  as  a  polarization! filter  the  antenna  reflector  itself 
is  used,  for  which  it  is  made  in  the  form; of  a  system  of  parallel 
metal  plates  (wires)  [62,  63,  >112 ] .  In  this  case,  the  crosspolariza¬ 
tion  components  of  the  excitation  field  pass  through  the  reflector 
and  are  npt -reflected -from  it,  which  also  substantially  weakens  the 
cross  polarization  components  'of  the  emitted  and  received  signals. 


Measures  directed  toward  .reducing  antenna  crosspolarization, 
partially  ‘discussed  in  Chapters  2  and  5,  can  also  be  considered 
protection  from  noises  on  crosspolarization. 

*  I  i 

Presently  in  foreign'  countries  serious  attention  is  being  given 
to  the  development  of  radar  systenjs  with  a  polarization  spread  [130]. 
Such  systems  are  built;  on  the  taultichannel  principle  and  can  operate 
on  a  receiving  channel  whose  polarization  most  nearly  agrees  with 
the  polarization 'of  the  signals  received.  This  makes  it  possible  to 
substantially  compensate  the  effect  of  the  depolarization  of  signals 

•  -  ■  ■  i 

refie.cted  from  the  target  and  also  Increase  the  Immunity  of  a  radar 
from  noises  ‘on  crosspolarization. 


CHAPTER  8 


THE  USE  OF  MODELING  IN  A  STUDY  OF  COORDINATE 
DETERMINATION  ERRORS  FOR  MONOPULSE  RADARS 


§  8.1.  COMMON  PROBLEMS  AND  TRENDS  IN 
SIMULATION 

In  the  development  of  monopulse  radars  a  wide  circle  of  problems 
must  be  solved,  such  as: 

-  the  evaluation  of  the  basic  characteristics  of  a  station  and 
their  laws  of  distribution; 

-  the  establishment  of  the  dependence  of  main  characteristics 
on  various  factors  and  the’  clarification  of  the  most  substantial 
and  least  Important  factors; 

-  the  processing  and  evaluation  of  algorithms  used  in  handling 
radar  information; 

-  the  development  of  assumptions  with  respect  to  the  perfection 
of  specific  characteristics. 

In  order  to  solve  these  problems,  in  recent  years,  along  with 
full-scale  tests  and  physical  simulation,  mathematical  modeling  has 
been  widely  used.  Since  any  monopulse  radar  can  be  characterized 
by  a  series  of  characteristics,  in  practice,  we  can  follow  two 
directions  for  modeling: 

-  the  development  of  a  common  model  which  makes  it  possible  to 
obtain  the  evaluation  of  all  characterisitcs; 

-  the  development  of  specific  models  each  of  which  enable  us  to 
evaluate  one  or  several  characteristics. 
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The  development  of  a  mathematical  todel  enabling- the  evaluation 
of  all  characteristics  is  a  very  difficult  task  and,  in  addition, 
such  a  model  cannot  always  be  accomplished  in  a  computer.  Therefore, 
it  is  expedient  to  use  models  following  the  second  direction.  If, 
however,  in  studies  with  a  model  we  find  that  it  is  necessary  to 
obtain  certain  other  characteristics,  we  must  refine  the  old  model 
further  or  develop  a  new  one.  The  composition  of  new  models  which 
differ  from  those  already  developed  is  not  particularly  difficult 
because  of  the  presence  of  a  number  of  separate  model  units  and  the 
experience  acquired  by  the  developer. 

To  study  the  main  characteristics  of  monopulse  radar,  numerical 
probability  (statistical)  models,  also  called  Monte  Carlo  models, 
have  been  the  most  widely  used. 

Below  we  shall  discuss  such  models  for  the  evaluation  of 
coordinate  determination  accuracy  by  amplitude  sum-difference  monopulse 
autctracking  radars  and  monopulse  scanning  radars  with  amplitude 
direction  finding,  using  a  wide-band  signal. 

§8.2.  A  MODEL  OF  AN  AMPLITUDE  SUM-DIFFERENCE 
MONOPULSE  TRACKING  RADAR 

A  simplified  block  diagram  of  an  amplitude  sum- difference 
monopulse  radar  designed  for  the  automatic  tracking  and  determining 
of  angular  target  coordinates  in  one  plane  is  presented  in  Fig.  1.9. 

The  greatest  complexity  in  modeling  is  the  machematical 
description  of  the  angular  discriminator.  This  desci iption  can  be 
made  by  several  methods,  We  shall  examine  the  method  connected  with 
calculating  signals  and  noises  in  elements  of  the  angular  discriminator. 
This  method  most. fully  describes  the  processes  taking  place  in  an 
actual  discriminator,  and,  in  addition,  makes  it  possible  to  calculate 
the  effect  of  phase  nonidentity  in  channels. 

In  this  monopulse  radar,  to  form  the  radiation  pattern  a  parabolic 
antenna  with  diameter  d  is  used.  With  uniform  field  distribution  in 
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the  antenna  aperture  each  of  the  four  partial  raaiation  patterns  is 
described  by  expression 


(8.1) 


where  Jj(x)  is  the  Bessel  function  of  the  first  type; 

e 

0  =  -g —  is  the  angular  coordinate  in  relative  units; 

tt0.5 

0Q  ^  is  the  width  of  the  partial  beam  in  minutes; 

is  the  angular  coordinate  in  minutes,  read  from  the  center  of 
the  radiation  pattern. 


Coefficient  2.62  is  selected  from  the  condition  of  obtaining 
the  width  of  the  square  of  the  sum  radiation  pattern  with  respect  to 
voltage  equal  to  one  at  level  0.7  from  maximum  value.  Standardization 
of  the  radiation  pattern  with  respect  to  the  square  is  due  to  the  use 
of  the  same  antenna  for  transmission  and  reception.  The  cross- 
section  of  the  sum  radiation  pattern  in  one  plane  (from  the  four 
horns),  passing  through  equj.signal  direction,  is  described  by 
expression 


Fc(6)=- 


F  (0-0. 625)  +  F  (0+0,625)  +  2 F  ( |/0*+O,625*). 
“  2  "  "... 


(8.2) 


The  difference  diagram  has  the  form 


F  (6)=£Ii -0.625) -f (9  +  0,625) 

V* 


(8.3) 


Coefficients  1/2  and  1//2  are  due  to  the  summation  (subtraction) 
of  signals  received  by  each  beam  of  the  antenna,  in  the  waveguide 
bridges.  The  reflected  signal  at  antenna  input  can  be  written  in  the 


=/(“*>  «*)• 


(8.4) 
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where  uR  is  the  component  of  the  reflected  signal  depending  on 
potential  and  range  to  target; 

is  the-  component  of  reflected  signal  depending  on  the 
fluctuations  of  the  effective  scattering  area  of  the  target. 

For  further  studies  the  reflected  signal  is  conveniently  repre¬ 
sented  in  relative  units  reduced  to  the  receiver  noise  power  of  the 
,sum  channel. 

The  signal/noise  ratio  with  respect  to  power,  converted  to  antenna 
input,  can  be  written  in  the  form 


_2  Ho  (On) 

^«*  ~~  u*  * 


(8.5) 


where  fl  is  the  potential  of  the  station  determined  by  transmitter 
power,  receiver  sensitivity,  and  losses  in  the  circuits; 

0(6^)  is  the  effective  scattering  area  of  the  target; 

R  is  range  to  target. 


In  amplitude  sum-difference  monopulse  radars  the  value  of  phase 
nonidentity  for  the  high-frequency  circuit  is  usually  10-^0°.  Such 
phase  nonidentity  has  a  substantial  effect  on  angular  coordinate 
determination  accuracy  and  is  only  slightly  expressed  in  a  decrease 
in  the  value  of  the  sum  signal.  Therefore,  we  shall  disregard  the 
effect  of  the  phase  nonidentity  of  the  high-frequency  circuit  in 
calculating  the  amplitude  signal  and  the  sum/noise  ratio  in  the  sum 
channel. 


Under  these  conditions,  the  expressions  for  sum  signal  and 
signal/noise  ratio  with  respect  to  power  at  waveguide  bridge  output 
have  the  form 


(8.6) 


J  no  (0n) 

*o“  R* 


3^5 


(8.7) 


The  sum-  signal  received  pas,s,es  through  the  linear  .part  of  the 
receiver,,  where.' i,t  :is  added  with  noises,  an.d.  the  envelope  demodulator. 
The  sum  signal  at;  output  of  the  linear  part,  of  the  receiver  can  be 
represented ’as  , 


tfoDHr.  **»  «• 


(8.8) 


where  u  is  the  noise  voltage  at'  o.utput  of  the  linear  part  of  the 

receiver.  -  •:  h  , 

•  i".-’  ■  ■ 


Expressions  for  modulus  and  plias.e  of  sum  signal  at  output  of 
the  linear  part  of  the  receiver  can.  be  written  in  the  form 


.  l«c  suxl  ^  \V e4~20c^ija  c'COS  (?ci  brt“Tui  c)l» 


(8.9) 


where  <j>  Is  the  phase  of  the  noise  signal  at  output  of  the  linear 
part  of  the  receiver;  ‘ 

<J>  is  the  phasa  of  the  sum  signal  at  output  of  the  linear 

C  0  UX 

part  of  the  receiver,  equal  to 


Venn — arctg 


|Uc!  sin  ye-Mt/la  d.sfn  yM<> 
l^/«icos  To  *1*  \Um  c|  COS  fn  0.  ’ 


(8.10) 


where  <p_  4s  the  phase  of  the  sum  signal  at  output  of  the  waveguide 

C 

bridge,  equal  to 


u  (9,)  sln'y, + a  (9,)  sin 

Va  8  u (0,)  cos  ft  +  0.(6,)  cos f|,  (8.11) 

where  u(0^)  and  u(02)  are  the  values  of  the  moduli  of  e  sum  signals 
in  the  first  and  second  planes  accordingly; 
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« ((,)  =  Ua\  ye)  (#,)  +  Fl  (9J+2*,  (3,)f,  (9,)  cos  , 
a  (6->  =  U„\y  (0a>  +  F]  (9J+2F,  (9.)  F,  (0.)  cos  Tu| , 


4> j  arid;  4>j j  are  the  phases  of  sum  signals  in  the  first  and  second 
planes , 

«  - arcte F' (9»>sin Ti  +  f»(Ms»nt«. 

—  arci&  ft  (0|)  cos  ?l  +  Ft  ( 6,).  cos  t,  • 

<p  —arete  M*»)8taft  +  Me«)sfa?4 
“ !  —  arci5  F,  (0,)  cos  fa  +  r 4  (8j)  cos  ?4  ’ 

i a  4>2 >  ^3  and  ♦u  are  the  initial  phases  of  the  signals  received 
along  each  partial  radiation  pattern,  taking  into  account  phase  non¬ 
identity.  o 

The  law  of  phase  distribution  for  noise  oscillations  can  be 
assumed  uniform  in  th^  i--<  -  ,-2tt. 


For  furtt  •»  studies,  the  modulus  of  the  sum  signal  at  detector 
input  Is  c<\  onlently  represented  in  relative  units  reduced  to  the 
noise  pow'-'r  of  the  receiver  of  the  sum  channels.  Then 


_  i  f  i  ^rnc  t  UcUx so  i 

2oa  ~  V  2?  '2?  '  ^ - ‘C0S^' 

tnc  '  /0ujc  c  °mc 


'c  dujj — 9m  c)  i 


(8.12) 


The  signal/noise  ratio  at  output  of  the  linear  part  of  the  sum 
channel  receiver  can. be  written  in  the  form 


'C  HXX  <)«*  D4  1  m  0OT4  J 

•  -  ^UlC^ 


n<r(8a)fcV6) 

KJP 


fJw  c  ota  COS  (?c  —  9m  c)i 


(8.13) 


where  U. 


uj  c  oth  =  '/ga'° —  is  the  relative  value  of  the  amplitude  of 
ui  c 


sum  channel  receiver  noise. 


* 


if  an  actual  amplitude  detector  is  approximated  by  an  inertial- 
less  linear  detector*  the  voltage  arid  the  sigriai/noise  ratio  at  its 
output  will  be  determined,  accordingly,  by  equations  (8.9)  and  (8.13) 
^multiplied  by  the  transmission  factor  of  the  detector. 

„  / 

The  expression  for  the  signal/noise  ratio  at  sum  channel 
receiver  output,  taking  into  account  the  operation  of  the  AQC  system, 
will  be  obtained  later  after  a  description  of  the  AQC  system  operation. 

The  difference  signal  at  input  of  the  receiver  will  be  written 


«p=l/psi'n(tof+fy), 


(8.14) 


where 


Up = (;„/  /•;  (GJ + F.  (0,)  -  2F,  (0.)  F,  («,)  cos  %  = 
=  f/cAF(0);  ?p  = 


(8.15) 


The  phase  of  the  difference  signal  at  output  of  the  waveguide 

bridge  <|>  can  have  a  series  of  values  and  be  determined  from  the 
P  H 

following  relationships : 


<Pp  ■  =  arctg 


M8i)s>ri»p 
f«(6i)  —  M0i)  c°s?p 
npw  Fx  (8)>Ff  (G,)cos<pp; 

f»(8»)s»nfp  .  ' 

(9))  — (8i)  cos  fp  ' 

npn  ^ 

bt^X^COtJcosfp; 

_ ^»(9»)sln  fp  • 

^iCO.) — cosy. 


(8.16) 


npn  «  when 
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The  difference  signal  received  in  the  linear  part  of  the  receiver 
is  added  with-  the  noise  signal.  Consequently,  at  input  of  the  phase 
detector  the  difference  signal  can  be  written  in  the  form 


uP3hs=  Mp“|~wm  p* 


The  modulus  of  the  difference  signal  is 


(8.17) 


!%t  bus}  j  “I"*  p  "f"  2UpUmfv  COS  (fm  p  *— ?p  bus),  (8.18 

where  4^  is  the  initial  phase  of  the  noise  signal  at  output  of 
the  linear  part  of  the  difference  channel  receiver. 

The  phase  <j>  Qb(x  of  the  difference  signal  at  output  of  the 
linear  part  of  the  receiver  can  have  a  number  of  .values  and  be 
determined  by  the  following  relationships: 


9'p  BUS — ?pa-}~ 


( arcsin  ^  sin  (9m  p— ?P  B)  npn  \UP\  >  |t/ra  p|; 
arcsin  sin  (<pm  p — <j>p  h)  *  ■ 

'  PJl<Pm*  •“  n  ' 

Tnr  p  ’ ?p  b  —  Q  ~2~ * 

m-{  ■  3’  •• 

?in  p  ’  ?p  a — ~2~ *  2*1 

sin(?mp~'<?Pa)+-f-'.  • 

[Pv\<Pmp\i 

npH{?mp~-?P  It;  . 

N 

{  l^pl  l^m  p|i  . 


arcsin  f^rr  sin  (<pmp 


rt 

2 


npw 


[npw  =  when] 


(8.19) 
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We  shall  assume  that*  the  amplitudes  of  the  sum  and  difference 
signals  relative  to*  the  sum  signal  amplitude  are  standardized*  with 
the  aid  of  the  AGO  system  described-  in*  §  3.3;:  a- block  diagram  of  such 
an  AGC  is  presented’  in-  Pig.  3.18.  - 


Then*  taking  into  account  the  work  of  the  AGC  system,  the  modulus 
of  the  difference  signal  at  detector  input  has  the  form 


(8.20) 


where  U  i s  the  voltage  of  the  monitoring  signal  at  output  of 

p  K  8  bIX  , 

the  linear  part  of  the  receiver,  in  accordance  with  which  standardi¬ 
zation  is  carried  out  for  the  amplification  factor  and  the  difference 
channel  receiver. 


For  further  studies  the  standardized*  modulus  of  the  difference 
signal  can  be  represented  in  relative  units  reduced  to  the  noise 
power  of  the  difference  channel  receiver 


luPfl|=  ]/ - 


:t/, 

-+ 


.pK.DMJC' 


in  P  otb  |  2  AFffllAg  p  otu*?. 


fylCMtt 


Q1 

Vpi  CMC 


lC°s(?raP— fp  trix)\ 


(8.21) 


p 

where  q~;u  _  is  the  uignal/noise  ratio  of  the  pionitoring  signal  with 

P  K  BOX 

respect  to  power  at  the  output  of  the  linear  xv.vt  of  the  receiver 
of  the  difference  signal; 

U  is  the  relative  value  of  noise  amplitude  at  output  of 

iu  p  OTH 

the  difference  channel  receiver. 

The  sign  of  the  error  signal  is  determined  by  the  phase  difference 
of  difference  and  sum  signals.  Phases  of  sum  and  difference  signals 
at  phase  detector  input  are  determined  by  expressions  (8.10)  and 
(8.19). 

Voltage  at  output  of  the  linear'  phase  detector,  in  accordance 
with  (3.52),  is  determined  by  expression 


••  i 

;  t 


t* 


t 


a 
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ttp  (0)  — ~  2/f(J|  (H  jufp  Buxi  COS(?p  tux  — ?c  eux)* 


(8.22) 


Then  error  signal  in  the  angle  channel  can  be  written 

"  _ «p  (0)  =  2at^  n  X  ' 

I.  f  &FVQ)al  it.. 

X 


*  9nif  «ut  nut 


^pK  BHX  ^PK'BMX  *?pK  BblX 

XC0S(?Pbux  — ?C  uttrj- 


(8.23) 


Error  signal  Up(0)  from  receiver  output  of  the  difference  channel 
enters  antenna  drive . 


Here  we  determine  the  mathematical  expression  of  the  signal/ 

? 

noise  ratio  of  the  monitoring  signal  q  in  the  receiver,  taking 

P  K  B  bl  X 

into  account  the  work  of  the  AGC  system.  With  modeling,  in  the  case 
of  small  variations  in  signal  amplitude  AU  at  receiver  input  from 

BblX 

the  time  lag  of  the  AGC,  exponential  approximation  of  the  AGC  control 
characteristics  gives  good  results.  The  requirement  for  small  varia¬ 
tions  in  signal  amplitude  AU  v  at  receiver  output  corresponds  to 
the  actual  requirements  for  the  operation  of  monopulse  radar  receivers 
performing  automatic  target  tracking. 

With  such  an  approximation  of  the  control  characteristics  we 

have 


ffj>er  =  .V,„  exp  —  (bAUver). 


( 8. 2*0 


The  amplitude  of  the  monitoring  signal  at  output  of  the  linear 
part  of  the  difference  channel  receiver  with  an  operating  AGC  system 
is  equal  to 

tux  —  is  exp  l&Ap(£/p„  is  £>p  as*)  FAp(p)]  npn 

tfrrfp^px  nj^>^P89B*  .  (8.25) 

Un  buX:=  ^njp^pxSnj  nPH  Krnp^px  ex  3an* 

[npH  =  when] 
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where  IP  ^  BfajX  is  the  amplitude  of  the  monitoring  signal  voltage  at 
input  of  the  difference  channel  receiver. 


The  values  of 


km*  b\>  u3aA».  were  deteIimine':i  in  §  3.3. 


^jnc  ix ~  £/c  SXp  ssfd^ Ac^i  Uc<Uc  sir* 

‘^psix^^c  npH  Uk^UcuH* 

[npH  =  when] 


(8.26) 


where  U*c  QbJx  is  the  amplitude  of  the  sum  signal  voltage  at 
output  of  the  linear  part  of  the  sum  channel  receiver,  taking  into 
account  the  operation  of  the  AQC  system. 

After  dividing  the  right  and  left  sides  of  equations  (8.25) 

by  /j? 0  *  /2cf  we  obtain 

tup  tup  bx  mp 

7px  iux^3  7pR  m^xp  [6  Ap  t7pa  i«x  7p  8*j)^Ap’^ 

npii  9p*  £m)i/>  7p  **«» 

<7px 7j<  ux  nPH  7px *lia ^  7p 2jr*  ^ Ap^73 ^,ApV^"°ia^’  (8.27) 

[npH  =  when] 


Analogously,  for  (8.26)  we  write 

7l>*  IX 1=5  7c  e*P  tH*  7c  &an)F Act/7)] 

npw  ij'ewat^  7c8an 

7px  BX  “  7c  nPtl  7fC  BKX  ^  7c  8»R»  "  (8,28) 

[npw  =  when] 

Accordingly,  taking  into  account  the  work  of  the  AQC  system,  at 
output  of  the  linear  part  of  the  sum  channel  receiver  we  can  write 

7rc  DUX  =•'  7c  exP  “  l^fAct7fc  mx  —  7o  sa n)  P Act/7)] 
npH  7rCEMX^>  7c  8SRJ 

7* c.i'ux^ 7c  npH  7fc dhx 7c o»fl»  (8.29) 

[npn  >=  when] 


In  order  to  take  into  account  the  effect  of  reflected  signal 
fluctuations  on  angular  coordinate  determination  accuracy,  it  is 
necessary  to  describe  mathematically  and  well  the  reflected  signal 
fluctuation  in  the  reflected  signal  shaping  unit.  The  selection 
of  the  type  of  approximation  will  depend  upon  the  type  of  target, 
(aircraft,  rocket,  satellite)  and  upon  the  convenience  of  its  use 
for  modeling.  The  method  of  imitating  reflected  signal  fluctua¬ 
tions  will  not  be  discussed. 

The  above  analysis  makes  it  possible  to  conclude  that  a  model 
(Fig.  8.1)  for  studying  the  accuracy  of  angular  coordinate  determina¬ 
tion  in  one  plane  by  an  amplitude  sum-difference  monopulsd-  tracking 
radar  must  consist  of  the  following  basic  units:  reflected  signal 
shaping  taking  into  account  the  fluctuation  of  the  effective  scattering 
area  of  the  target;  antenna  and  sum-difference  waveguide  bridges; 
sum  signal  receiver  with  AGC;  amplitude  detector;  difference  signal 
receiver  with  AGC;  phase  detector;  noise  generators  (transmitters 
of  random  numbers);  antenna  drives;  target  trajectory  shaping; 
'statistical  processing  of  angular  coordinate  measurement  error. 

Algorithms  simulating  the  antenna  radiation  pattern  and  signal 
at  outputs  of  the  sum-difference  waveguide  bridge  are  made  up  on 
the  basis  of  expressions  (8.2),  (8.3),  (8.4),  (8.5),  (8.6),  (8.7), 
(8.14),  (8.15)  and  (8.16).  The  sum  signal  at  output  of  the  linear 
part  of  the  receiver  is  described  by  expressions  (8.9),  (8.10)  and 
(8.13).  The  sum  signal  at  output  of  the  amplitude  detector  is 
determined  by  expressions  (8.9),  (8.13),  (8.29),  multiplied  by  the 
detection  factor. 

To  describe  the  difference  channel  receiver  unit  equalities 
(8. l8)-(8. 21)  are  used. 

The  work  of  the  phase  detector  is  approximated  by  expression 
(8.23). 

The  amplification  factor  standardization  circuit  with  the  aid 
of  the  AGC  in  the  difference  and  sum  signal  receiver  is  modeled 
in  accordance  with  expressions  (8.25)  and  (8.29). 

353 


I 


Pig.  8.1,  Block  diagram  of  a  model  of  an  amplitude  sum-tdifference 
monopulse  tracking  radar.  i 

KEY:  (1)  Unit  for  reflected  signal  shaping  (taking  fluqtuations 
into  account);  (2)  Noise  generator;  (3)  Unit  for  target  trajectory 
shaping;  (4)  Antenna  and  sum-difference  bridges;  (5)’  Sum  signal 
receiver  with  AGO;  (6)  Amplitude  detectors;  (7)  Noise  generator: 
(8)  Difference  signal  receiver  with  AGO;  (9)  Phase  detector;  (10) 
Antenna  drive;  (11)  Unit  for  statistical  processing  of  coordinate 
measurement  errors . 


The  noise  generator  (random  number  transmitter)  must  generate 
a  random  sequence  of  numbers  with  a  normal  law  of  distribution. 

:  I 

Noise  dispersion  is  calculated  for  maximum  radar  range  based  on 
a  single  sounding  signal  width.  Methods  of  shaping  such  random 
sequences  in  a  computer  are  discussed  :ln  [9],  _  .  i 

Modeling  the  antenna  drive  is  not  difficult  and  'we  will  not 
discuss  it  here.  •  1 


As  an  input  effect  on  the  input  of  the  model  iin  the  target 
trajectory  shaping  unit  we  can  assign  the  equivalent  sinusoid  , 


'®is(0“^oSin<V, 
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(8.30) 


**-4.  f*  « 


I  I 


I  i 


j 


.1  1 


•  I 


I 

j-  ~  1  .. 

%  '  -  ■  f  X 

where  A  =  —  is  amplitude  and  <o_  =  —  is  .frequency  ; 

j  3  ‘  d'  A  '  1 

•  ••  * 

!  x  and  x  are  the  first  and  second  derivative  of  the  polynomial- 
approximating  target  trajectory.  1 


Reference  .data  for  determining  dynamic  and  fluctuation  errors 
in  ’angular,  coordinate  measurement  are  the  models  of  error  signal 
for  processing  .of  input  effect  by  antenna  drives  in  the  presence  of 
receiver  noises  and  reflected' signal  fluctuations.  Statistical 

i  : 

processing  is  carried  out  oh  a  group  of  models  for  the  selected 

I 

mean  values  of  the  signal/noise  ratio. 

•  !  :  i 


,The  task  of  statistical  processing  is  to  distinguish  the  dynamic 

and  fluctuation  component  from  the  total  tracking  error 
-.1  !  • 


A  a  (t)  =  a,*//)  —  at  ( t )  =  sitl  (u0t  -f-  <?„)  +  As  (t), 


(8.31) 


where  a  (i)  is  the  measured  value  of  an  angular  coordinate; 

8b)X  i 

6.  and  <}>fl  are  amplitude  and  phase  of  dynamic  errors; 

Ae (t )  is, the  value  of  fluctuation  error. 


Amplitude  and  phase  of  dynamic  error  when  writing  in  discrete 
form  can  be  determined  from  expression 

!  aA « =  -1  [  sin  <pu,i  fj  Aa*  (At  •  i)  cos  («* At  ■  i)  + 

»  *  I  !  » _ •  " 


!  /=! 


1  ‘ 


n 

-f  COS  fR{  2  Aa*  (M-Q  • 

n 

^  Ao*  (AM)  cos  (»,AM).>  ’ 


<P*<=arctg-f 


£  Aa*  (A/-/)  sin  (o,AM) 


.'-l 


where  At • i  =  t ; 


(8.32) 


(8.33) 


i  ~  l>2j3>*»*>n;  '  n 

.  ,  .  .  •  I>(AM) 

A  a*  (A/  •  /)  =-  Aa  (A/  .  i)  —  Aa  ( AM );  Aa.(Af  •  i )  =  — — - - 
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The  average  value-  of  dynamic  error  will  be  equal  to 


e= 


/=! 


(8.34) 


JC« 


where  k3  is  the  number  of  error  signal  models; 

1  is  the  dynamic  error  for  fixed  values  of  the  mean  signal/ 
noise  ratio  in  each  of  the  models. 

After  subtracting  in  each  model  sum  Aa#(At*i)  the  determined 
component  ^  sin  [io3(4fi)  +  $  ^],  we  obtain  the  model  of 

fluctuation  error 


Ae*(A/.Q  =  Aa*  (AM)  -  8A,  sitl  [«,  (A/* 


(8.35) 


The  average  value  of  the  correlation  function  of  fluctuation 
error  will  have  the  form 

y  Rti&ti) 


where 


N — m 


(8.36) 


{=1 

N  is  the  total  number  of  points  in  the  calculation  of  the  correlation 
functions; 

N 

m  =»  1,2,3,...,  ^  are  the  points  in  which  the  correlation  function 
is  calculated; 

At  =  ^  is  the  time  ran.se  of  discreteness. 

T  is  the  total  length  of  model  (averaging  interval). 

Mean  value  of  spectral  density  of  fluctuation  error  is  determined 
by  formula 
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i 


(8.37) 


AT— •//? 

G(A/.i)=4Af  £  R (At •  i) cos [o# (A/ •  i)J • 
o 

where  Af  is  the  frequency  interval  of  discreteness. 


The  average  value  of  fluctuation  error  variance  will  be 


V  V  fA»*  . 

A  334  Am* 

i— l 


(8.38) 


Parameters  N,  m,  At,  Af  and  k3  are  selected  based  on  the  necessary 
accuracy  involved  in  obtaining  estimates  of  dynamic  and  fluctuation 
errors . 


§  8.3.  OVERALL  BLOCK  DIAGRAM  OP  A  MODEL  OF  A 
SCANNING  MONOPULSE  RADAR  WITH  FREQUENCY-MODULATED 
SIGNALS  AND  AMPLITUDE  DIRECTION  FINDING 

The  task  of  determining  coordinate  measurement  accuracy  with  a 
model  will  be  examined  for  an  arbitrary  signal/noit  *  ratio  and  the 
case  when  at  model  output  are  formed  single  evaluations  of  measured 
parameters  of  the  signal  and  the  evaluations  obtained  are  not  leveled. 

In  models  of  scanning  monopulse  radars  whose  block  diagrams  are 
presented  in  Figs.  1.12  and  1.13,  the  main  difficulty  lies  in  describing 
the  signal  and  the  angular  discriminator. 

In  'he  model  at  input  of  each  channel  is  3haped  a  pulse  whose 
amplitude  depends  upon  the  angle  of  target  deviation  from  equisignal 
direction  in  accordance  with  the  antenna  radiation  patterns,  while 
the  envelope  and  instantaneous  pulse  phase  are  determined,  by  the 
type  of  sounding  signal  selected  in  the  radar.  Then  amplitude 
phase  distortions  required  for  studying  the  form  (random  or  regular) 
are  introduced  into  the  pulse.  The  distorted  pulse  is  mixed  with 
normal  white  noise  whose  spectral  density  can  be  varied  for  the 
assignment  of  a  necessary  signal/noise  ratio.  Then  linear  filtration 
of  the  signal  and  noise  mixture  is  modeled  by  a  filter  with  a  weight 
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function  in  agreement  with  the  undistorted  signal  or  containing  dis¬ 
tortions  of  the  required  form.  .Detection  in  the  model  can  be 
represented  as  a  determination  of  the  process  envelope  at*  output  of 
the  linear  filter.  After  detection,  evaluations  of  amplitude  and 
pulse  time  delay  can  be  formed  with  respect  to  algorithms  selected 
for  processing  radar  information ,  which  were  examined  in  Chapter  1. 

Let  us  consider  models  of  an  amplitude-amplitude  and  an  amplitude 
sum-difference  scanning  radar  for  determining  coordinates  in  one 
plane.  In  connection  with  this  it  is  necessary  to  represent  in  the 
model  two  different  measuring  channels  in  which  the  amplitude  of 
input  pulses,  distortion,  and  noise  must  be  assigned  independently. 

If  the  volume  of  computer  memory  in  which  modeling  is  produced  is 
sufficient,  we  can  model  both  channels  in  parallel;  in  the  opposite 
case,  first  one  of  the  channels  is  modeled  and  the  output  results 
are  stored  and  then  che  second  channel  is  modeled  and  an  evaluation 
of  the  angle  of  target  deviation  from  equisignal  direction  is  formed. 
This  gives  an  overall  representation  of  one  cycle  of  modeling  work. 

The  model  will  be  described  in  more  detail  below. 

In  order  to  determine  the  statistical  characteristics  of 
evaluating  measured  parameters,  the  computing  cycles  on  the  model 
are  repeated.  In  each  cycle  a  new  model  of  noise  and  random 
distortions  is  used.  When  necessary,  we  can  cha.  g»  the  amplitude 
of  input  signals  and  their  temporary  position,  from  cycle  to  cycle, 
for  modeling  the  fluctuation  ’of  reflected  signals  and  the  displacement 
of  the  target  with  respect  to  angular  coordinates  and  range.  In  this 
case,  tne  given  models  will  be  used  later  for  studying  smoothing 
algorithms  for  output  coordinates  and  characteristics  of  trajectory 
determination  accuracy. 

8.3.1.  Representation  of  signal  and  noise.  In  modeling  with 
a  computer  the  signal  s(t)  can  be  represented  only  by  a  set  of  several 
numbers,  knowing  which,  we  can  calculate  any  of  the  current  values 
of  ths  signal,  using  prescribed  operations. 


There  is  ah  infinite  set  of  variants  for  selecting  the  necessary 
set  of  numbers.  Common  problems  of  signal  representation  are  studied 
in  reference  [108]  where  a  generalized  representation  in  the  form  of 
a  double  series  is  assumed: 


^  0mnV\nn(O» 


n=l 


(8.39) 


where  V  (t)  are  known  functions. 


In  [ 5 7 >  108]  it  is  shown  that  for  representing  a  signal  with 
width  r  whose  spectrum  occupies  the  frequency  band  VJ ,  M  N_  =  t_W„ 

C  C  C  C  o  C 


is  required,  as  well  as  coefficient  a 


Consequently,  the  selection 


of  any  system  of  function  V  (t)  is  determined  only  by  the  convenience 
of  solving  a  specific  problem.  For  the  studies  being  conducted  an 
expansion  of  the  signal  in  Kotel’nikov ’s  series  has  indisputable 
advantages : 


.  .v/2  sln-£p(f— 

2  s(iA,)  1  • « «  ,»r 

A2  "ST 


(8.  iJO) 


when  the  expansion  factors  are  values  of  signal  silA^)  with  sample 
^  c  ^ 

step  At  = 


In  the  representation  (8. *10)  instead  of  continuous  signal  s(t) 
we  obtain  discrete  signal  s(lAt),  which  enables  us  to  use  in  the  cal¬ 
culation  an  extended  mathematical  apparatus  of  discrete  systems 
[1*1,  58].  For  a  wide-band  signal  with  intrapu3se  linear  frequency 
modulation,  we  can  write 


;(t)=>S  {()  exp  ji  }  »  lMj-  2  * 


(8.111) 


where  S(t)  is  the  signal  envelope; 
~  is  frequency  deviation; 
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iOq  i's  average-1-  signa-l  frequency,  which  later  will  be  called 
carrier-  frequency.  ■' 

•There  is-  a  simple  relationship  between  the  expansion  factors 
of  the  signal  and  the  expansion  factors  of  its  spectrum  since,  in 
accordance  with  the  method-  of  stationary,  phase  [>8o],  the  signal 
spectrum  (8.41)  i3  described  by  function 


X«i>  — r]}' 


(8.42) 


where  S[(o)  —  is  the  siSnal  envelope. 

Let  us  go  to  the  question  of  choosing  the  sample  step  A...  We 

1/ 

shall  designate  the  discrete  signal  in  terms  of  s[|— ]  so  that 

s[i]  =  s(iAfc)  when  i  =  +  1,...,  |  and  s[i]  =  0  when  i  is  not  a 

•f* 

whole  number,  where  i  =  -r-  . 

At 

't 

Let  us  determine  the  spectrum  S#(iu>)  of  discrete  signal  [t— ]. 

flt 

The  expression  connecting  discrete  and  continuous  signals  is  written 
in  the  following  form  [14]: 


00  CO 


*[-£•]=  g  j  smi-iwi. 


/«— 00— 00 


(8.43) 


We  shall  use  the  known  equality  [  14] : 

CO  .  2  ult 


00 

f] H‘-W=-k  S  0  • 

|=s— to  /=3— <* 


(8.44) 


-io)t 


Multiplying  both  sides  of  equality  (8.44)  by  s(t)e~'L“'1'  and 
integrating  with  respect  to  time  from  -«  to  +<*>,  we  obtain 
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(8.45) 


* 


■  S*(i°)=-k  S  *[!(,+-vj]1 
/=»  —00 

i.«e.,  the  spectrum  of  the  discrete  signal  is.  a  periodic  function 
with  period  2tt/A^.  Then  let  the  continuous  signal  have  limited 
spectrum 

.  -•  '  ■|s(io)'j==: 0  tIpK  |/5l>-|-^ *WC.  . . *  c  •' 

[npw  =  when]  (8.46) 

For  the  possibility  of  representing  continuous  signal  s(t)  by 
discrete  s[i]  agreement  is  required  with  accuracy  up  to  the  unessential 
factors  (in  this  case,  )  of  the  spectrum  of  the  continuous  signal 

s(iw)  and  one  of  the  periods  of  the  spectrum  of  discrete  signal 
S* ( iu) ) [ 58 D .  This  agreement  occurs  if,  in  accordance  with  (8.45)  and 

O  Tf 

(8.46),  inequality  ~  >  Q.  is  fulfilled,  from  which  it  follows- that 

t 

the  sample  step  is  limited  at  the  top  by  quantity 


Accordingly,  the  sample  volume  N  +  1  must  satisfy  inequality 


N>WoXe.  ■  (8.48) 

Let  us  note  another  peculiarity  of  representing  continuous 

signals  by  discrete.  The  periodic  character  of  the  spectrum  of  a 

discrete  signal  leads  to  the  fact  that  continuous  signals  with  carrier 

frequencies  spaced  according  to  (8.45)  by  magnitude  have  identical 

at 

discrete  representations.  In  other  words,  we  can  represent  continuous 
signals  in  discrete  form  only  with  a  carrier  frequency  of  u)Q,  leas 
than  2tt/A^.  Thus,  for  representation  in  the  model  we  must  use  an 
undistorted  input  t ulse  with  a  carrier  frequency  equal  to  zero.  Possible 
variations  in  the  model  of  the  carrier  up  to  a  magnitude  of  2TT/At 
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are  sufficient  for  studying  the  effect  of  displacement  of  carrier 
with  phase  distortions  of  input  signal  on  the  shape  of  the  output 
signal  and  the  accuracy  of  measuring  its  parameters. 

We  know  that  radar  .signals  always  have  (oQ  »  ft.  More  detail 
will  be  presented  in  paragraph  8.3.2.  on  the  permissibility  of  using 
in  modeling  signals  with  a  zero  carrier  frequency  in  order  to  study 
the  processing  of  radar  signals  whose  carrier  frequency  considerably 
exceeds*  the'  b&hd*  CtMipied"  by"*their  spectra. . 


Let  us  examine  what  sample  volume  is  required  for  representing 
a  square  pulse  with  linear  modulation  frequency 


s(/)-=exp  ji  (®af 


f  J _ £. 

2ta 


(8.49) 


Calculating  a  Fourier  transformation  from  (8.49),  we  find  the 
input  pulse  spectrum  [23] 


?(»)=}/  T®-  «P  |  -  '  S'  (“ X 


(8.50) 


t  2 

j  where  Z(u)  =  ^  exp(ivp—)dx  is  the  Fresnel  Integral  in  complex  form. 

An  analysis  of  equation  (8.50)  shows  that  with  an  increase  in 
the  compression  Dp  =  Wctc  =  ^tc  the  amplitude  spectrum  |s(iu)|  is 
similiar  to  rectangular  with  the  total  frequency  band  tending  toward 
ft.  With  a  decrease  in  coefficient  -Dr  the  number  of  components  goes 
all  the  more  beyond  the  frequency  band  ft.  Thus,  for  example,  when 
Dp  =  50,  studies  have  shown  that  for  a  representation  of  such  a 
signal  with  virtually  unsubstantial  error,  a  sample  volume  of  90 
numbers  is  required. 


362 


Linear  filtration  does  not  lead  to  an  expansion  of  the  signal 
spectrum.  Let  us  examine,  therefore,  the  expansion  of  signal 
spectrum  during  detection.  In  the  case,  of  the  large  compression 
factors  from  (8.50)  we  obtain  [35] 


The  signal  at  output  of  the  matched  filter  is 


(8.51) 


00  Sin-y- 

■  5c  (0  s=s  ~  j 1 5(b)  1 4  exp  (iff:/)  rfa  ==  TC  — 2( —  exp  (M. 


(8.52) 


and  the  signal  after  square-law  detection  is  determined  by  expression 


* 


ol  2xe 
\  2 


(8.53) 


A  Fourier  transform  from  (8.53)  can  be  written  as 


2/ 

«sin*-y 
2  f  1 


-exp  (—  ico/)  dt  = 


(8.5^) 


Comparison  of  formulas  (8.51)  and  (8.5*0  shows  that  a  square- 
law  detector  expands  the  spectrum  by  a  factor  of  2.  Taking  into 
account  the  fact  that  the  spectrum  of  the  input  signals  with  distortions 
can  be  somewhat  expanded  as  compared  with  the  spectrum  of  an  undistorted 
signal  and  keeping  in  mind  the  convenience  of  using  output  data,  we 
finally  obtain  a  sample  volume  equal  to  201,  i.e.,  N  -  4Dr  -  200, 
and  a  sample  step  of  At  =  J.  Thus,  the  signal  in  actual  form  with 
a  zero  carrier  frequency  and  compression  factor  Dr  =  50  will  be 


s(/)=cos-~5Vl<l,<-T»  %’==:50 

00  ft 


(8.55) 
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and  is  represented  in  the  .model  by  .discrete  signal 


=cos  <?*.**, 


(8.56) 


.  N  N  +  1  N. 

wn6r*e  1  *•  — **  2  " '  ' " >  •  *  •  >  2*^ 


„  fittt  itDr 
~~2$r 


For  the  selected  numerical  values  N  =  200  a.:d  Dr  »  50,  we 
obtain  <j>20  =  0.00393. 

At  the  beginning  of  this  section  it  was  shown  that  In  the  model 
the  amplitude  of  the  input  pulse  serves  for  the  assignment  of  target 
deviation  from  equisignal  direction  and  modeling  of  reflected  signal 
fluctuations,  while  the  additional  components  characterize  the  dis¬ 
tortions  of  the  envelope  and  instantaneous  phase.  Consequently, 
input  pulse  can  be  represented  by  a  discrete  signal  in  the  form 


Sr*  [i]  ==  Ac (1  +  AS  (<]) COS#  M  tect-y  . ' 


(8.57.) 


where 


#  [*3  —  ?<j>  +  94)1  •  i  +  + A?<t>  PI*' 


The  quantities  Afi  and  AS[i]  serve  to  change  pulse  amplitude 
and  to  assign  the  distortions  of  the  pulse  envelope.  Coefficient 
<P^2  determines  the  steepness  of  linear  frequency  modulation. 
Coefficients  4^,  di^,  and  the  quantity  A4>(j)[i]  serve  to  assign 

various  laws  of  variation  for  instantaneous  pulse  phase.  The 
quantities  AS[i]  and  A^Ci]  can  be  random. 

In  examining  the  question  of  representing  white  noise  in  a  model, 
normal  noise  n(t)  with  mathematical  expectation  n(t)  =  0  and 
correlation  function 
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(8.58) 


where  2M}Jj  is  the  spectral  density  of  the  noise, 

Sfti-tg)  is  the  delta  function,  is  replaced  with  noise  in  a 
limited  frequency  band  which,  is  several  times  wider  than  the  signal 
' frequency ' bah'dT  'tinder 'these  conditions,  'the  'noise  'Used'  in  the  mod*e\T* 
we  can  assume  to  be  white  with  respect  to  a  given  signal.  Then  when 
representing  a  continuous  noise  by  discrete  and  using  (8.  *10),  for 
noise  nn(t)  limited  in  band  we  write 


00  Ol  ' 


(8.59) 


i.e,,  continuous  noise  nn(t)  is  represented  by  discrete  noise 
n[i]  =  n(lAfc),  and  i  varies  from  -»  to  +«*>.  Mathematical  expectation 
of  continuous  noise  n  (t),  represented  in  the  form  (8.59),  is 


•  L_  -rrv-w 
«.(0»  =°- 

-srv— **0  , 


and  the  correlation  function  is 


Xn(h,U)~  fj  'fj  n(i*t)n{fc&t)—p - 

.  hd  .  — —  ((,  —  /Ah 


sln~5i"(/‘ —*Al) 


co  k~~OQ 


(ti-Ui)  ' 


x — — - y  — - -  x 

JL  tf - iA() 


sin -5-^ -/At)  sin 

X  — £ - — - ; - 

■  TT  (<*-'») 


(8.60) 


The  power  spectrum  of  the  noise  nn(.t) 

it 

$n  (®)  =  2  J  Rr.  {t)  exp(i«0  dt  ' 


—CO 


(8.61) 


3s  calculated  by  substituting  (8.60)  into  (8.61): 


(<o)  =  2.Vm  |  — ~ —  exp  (irof)  dt. 

-OO  At  '  / 


(8.62) 


An  integral  in  the  form  of  (8.62)  is  studied  in  work  [57];  it 
agrees  in  mean-square  and  is 


£n  (®)  =  2A fmbt  irect  ~- 


(8.63) 


Thus,  the  power  spectrum  of  the  noise,  represented  in  the  form 

2  IT 

(8.59),  is  uniform  in  frequency  band  t— .  In  modeling,  it  is  con- 

flt 

venient  to  choose  the  same  sample  step  for  representing  signal 
and  noise,  i.e.,  &t  = 

Then  noise  frequency  band  is  4ft  and,  consequently,  noise  nn(t) 
represents  white  noise  well  with  respect  to  a  signal  whose  basic 
energy  is  concentrated  in  frequency  band  ft. 

Discrete  noise  n[i],  in  accordance  with  the  above,  is  a  sequence 
of  independent  random  numbers  with  zero  average  and  variance 

p 

am  =  V  distributed  according  to  normal  law.  Methods  for  obtaining 
such  sequences  on  a  compui-er  are  described  in  [9].  Determining  the 
necessary  sample  volume  for  noise  will  be  carried  out  in  paragraph 
8.3.2. 


The  required  signal/noise  ratio  q^  in  the  model  is  assigned  by 

c  2 
the  amplitude  of  the  input  signal  A„  and  the  variance  of  noise  a,,. 

C  uJ 

The  oower  of  the  undistorted  input  signal  is 
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Si*At)=AcCos(-£-t*y 


represented  in  the  form  (8.4C),  equal  to 


(8.64) 


Spe,  -ral  density  of  the  noise,  according  to  (8.63),  is  equal  to 

p 

20^-A^s  ..onsequently ,  the  ratio  of  signal  energy  to  spectral  density 
of  noise  will  be  determined  by  formula 


JV/2 


v 

1.-.-N/2 _ 


(8.65) 


Substituting  into  (8.65)  the  selected  values  N  =  200  and 
Dr  =  40,  we  -.obtain 


,2  100 


2o 


in 


8.3.2.  Modeling  the  processing  of  a  signal  in  the  receiving 
channel .  Signal  processing  in  the  receiving  channel  includes  the 
linear  filtration  of  input  pulse  and  noise,  as  well  as  the  dis¬ 
tinguishing  of  the  envelope  obtained  after  the  filtration  of  the 
additive  mixture  of  signal  and  noise.  We  shall  write  the  input  pulse 
in  the  form 


I 


(8.66) 


its  envelope  S  (fc)  and  phase  modulation  4>  (t)  contain  distortions 

o,X  BX  '  -  \ 

relative  to  undistorted  SQv/  (t):  =  A„  and  <fr  (t).  In  the  model 
all  distortions  are  introduced  more  conveniently  into  the  signal 
only;  therefore,  the  weight  function  of  the.  filter  is  assumed  matched1 
with  the  undistorted  pulse  and  is  equal  to  , 

i 

.  -  . - 


■  ’ M<Th 


(8.67) 


As  a  result  of  filtration,  at  filter  output  we  have  the  signal 

.  i 

00  ,  • 
s,  (t)  =  | St*  (*)h (/—  t) dx  =  exp  £  i®0j  ^  X 


where 


Xfoc  (t)  +  isM 


S1C(0=4  |  S'X  to  cos  ^  <?',*  to  -  ^  ]  X 


(8.68)  • 


Xrect-^-rf't, 


~  t  '■ 

s„( ]  Sl0c  & sin  [*«  &  -  o  -  H~r  )  ]  X  (8  69) 


Xrect  ~~dx. 
Jo 


The  signal  envelope  at  filter  output  is 


t  {S.  (0> = (0 + s.. 


(8.70) 


and  instantaneous  phase 


I 


I 


I 


'  arS  tel  (*)}  —  «« (t  —  T‘)+arctg 


su  (0 


(8.71) 


The i formulas  presented  show  that  carrier  frequency  Uq  Is  present 
only  in  the  linear  phase  term  mn(t  + i-f)  known  a  priori,  and  is  not 
of  interest  in  the  study.  Thus,  for  modeling  linear  signal  filtration 

I 

it  is  necessary  to  represent  in  the  model  operations  (8.69),  while 
•  the  carrier  frequency  of  .t'he  input  pulse  can  be  given  as  zero. 

i 

,  Input  white  noise  gives  at  .output  of  the  linear  filter  with 
weight  function  (8.67)  the  noise  process 


;  00 

nt  (0  =  f  n  (x)  /  {t — t)  dt-=.  (0 + 

—OO  1  J 

\ 

+»«w(0e*P-[! *•(*““' r)]»  .  * 

!  ,  i 

1  ‘  i 

,  i 

«ic  (0==  J  n  te)  COS  +  <p  nx  0  ^  ]  dx' 

t-X'  '  •  :  \ 

:  t  .  ,  •  .  ■■  ■  • 

’«1»(0  =  7-  j  ,«te)sin 


(8.72) 


where 


t-*„ 


(8.73) 


t  i 


The  sum  process  at  output  of  linear  filter  is  an  additive  mixture 
of  signal  Sj.(t)  and  noise  n1(t): 

i  ; 


where 


y\ (0 = teic  (0  4- »'  Ui « (01  exp  «>0  (t  —  j ] , 


j  t  i  i .  i 

y,  o  (0  =  si  o  (0  «i  c  (0.  y* * (0 = si » (0 + *  (0» 


(8.7*0 


,  i 


(8.75) 


% 


The  envelope  of  the  input  .process  i:s 

■tfe.(()}=fe?,(()+C  mi'*. 


.  ^d  its  instaptaneous .  phaae.  .is- . 


(8.76) 


arg  {</.«»  =  ».  (<.-l)+arctK^a. 


(8.77) 


Since  in  the  model  we  assign  carrier  frequency  as  zero,  in  order 

to  model,  linear  noise  filtration,  it  is  necessary  to  perform  opera¬ 
tions 

t 

flic  (0=1  fl  (<c)  COS  |Vax  0  {%  J  dz, 

t  '• 

M0=-  f  «  (*)  sin  k,,0  (V— [  dx. 

1  V  yi  (8:78) 

In  analogy  with  (8.40),  the  weight  function  of  the  linear  filter 
is  written  in  the  form  , 


W  SIB17  u  — -  *UIJ 

ft(0=  5  MiAO-r - * 

•3,2  aT(*-^,)  •  . 


(8.79) 


so  that  the  continuous  weight  function  h(t)  is  represented  by  discrete 

function  h[i]  =  h(i&t).  Then  for  the  operation  of  linear  signal 
filtration 


s,(0  J  sax  (0  h  (t — x)dx 

— oo 


we  have  discrete  output  signal 

N/2  tf/2 


/«-///*  k^N/2  J 


sInAT(t-W| ) 


X 
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1 


s,n-A7r*-(/  +  K)Aj 


N/2  ’  ' 


^  ‘  '  *  '  1  x=-N/2+l 


sA‘  S-  * *\K]h{i-K\, 


K~—N/2+l 


. . .  ^.(-0*80).  •  .. 


representing  in  the  model  the  continuous  output  signal 


Nt  sin‘£'(-  " <A<) 

*k(0=  ^  - . 

/=H,  -sr^-^o  • 


(8.81) 


Let  us  determine  the  necessary  calculation  limits  for  the  values 
of  the  output  discrete  signal  N-^  and  N2.  As  shown  above,  the  weight 
function  of  a  linear  filter  (8.67)  is  in  agreement  with  the  undistorted 
input  signal  with  a  zero  carrier  frequency 


s8„  (0 = Acez p  {i  ?DXo(0}.  M  <  T 


(8.82) 


and,  consequently,  is  equal  to 


^ (f) -- exp  o  0r%”*  *)}.  Tc* 


(8.83) 


For  the  studied  signal  with  linear  frequency  modulation 
c  P 

^bx  0(t)  =  the  undlsfcortec*  output  signal  is  described  by 

expression 


00  t 

sio  (0“  jsail)(x)h(t'-z)dx~Ae  f  exp/i~-X 

t±xv  "T° 

x[,'  -  l 


(8.84) 
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( 


X- 


sin 


JL 

2 


2  ^  2  0 


For  studies  it  is  completely  sufficient  to  reproduce  the 
output  signal  (8.84)  within  the  four  side  lobes  nearest  to  the  main 
lobe,  i.e.,  for  |t  -  — 1|  <  Hence  we  obtain  the  computation 

limits  for  discrete  signal  s-^ti]: 

N  ®-Lf-5L _ J°i\  • 

At  ^  2  Q  )’ 


«.=i( 


te  «  10*  \. 

T'T  a  y 


(8.85) 


Substituting  into  (8.85)  the  selected  value  A*.  ■  ~=r,  we  obtain 
N1  =  80,  N2  »  120. 

This  makes  it  possible  to  write  the  algorithm  of  linear  signal 
filtration  in  the  model,  representing  operations  (8.6&)  for  the 
input  signal  (8.57),  in  the  following  form: 


1 

5,3  W  “  5]  T  A 0  +  AS  [*])  cos  1$  [/t]  — 

*~i~n  *■ 

—fa#  M-J)  ]  rect-jj-, 

smI*]==  2  [k])  sin  T®  [kJ  — 

/+4)*]rectTh  Nx<KNt. 


(8.86) 


Just  as  accurately,  for  representing  linear  noise  filtration 
(8.78),  we  obtain 
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(8.87) 


i  ,  •_ 

nic w=A»  //Mcos[?,s^-H4.y], 

l 


Kst-M 


Let  us  determine  the  necessary  sample  volume  of  discrete  noise 
n[k]  after  calculating  the  statistical  characteristics  of  one  of 

the  processes  (8.87)  when  n[k]  =  0  at  k  >  and  k  <  -N^;  N^,  > 

>  N/2.  The  values  of  and  will  be  lower.  For  a  thus  limited 
input  noise  sequence ,  from  (8.87)  we  shall  have 

17  nic  w == 

I  •  ■ 

2  * M cos  •£-)*], 

*~—Nt 

l 

=  ^  n  [«]  cos  [?l0  (*-<-*4)’],  N—NA<i<Nt, 

2  «Mcos[Tw[K-/+4)’],  1>N„  <8-88) 


'  k~L~N 


Since  in  n[k j  =  0,  and 


=  from  (8.88)  we  obtained 


the  average  value  of  noise  nlQ[l ]  =  0  and  the  noise  variance  n1(J[i], 
related  to  equal  to 


4  m 


( 1-Nl2+Nt  ■  ' 

V  cos*(<p!0K*)>  i<N~N*' 

.S  y  cost(un3},'NjNt<i<Ntt 

V  cos* 

(  *a-W/2 


(8.89) 
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The  noise  variance  established  according  to  (8.89)  occurs  when 
N  -  <  i  <  N^.  Being  given  the  natural  requirement  of  stationary 

output  additive  noise  for  all  calculated  points  of  the  signal 

<  i  <  N2,  we  obtain  =  N  -  Np  =  1$2.  With  the  selected  values 
N  =  200 s  *  80  and- N2  -  120,  the  sequence  of  discrete  input  noise 
n[k]  must  fall  within  -120  <  k  £  I/O. 

The  sum  discrete  output  processes,  in  accordance  with  (8.75) » 
are  equal  to 

yi  c  l*J  M,. 

i\s  M  —  Sj*  I0"h*»iW*  (8.90) 

To  reduce  the  volume  of  computation,  it  is  advisable  to  add 
signal  and  noise  before  the  summation  operations  (8.86)  and  (8.87). 
Discarding  the  same  standardizing  factor  At>  we  finally  obtain 


=  2  I-^WI+A'SIk])  cos  [*  M  +t)')X  ' 

Af 

Xrccl  -J-f*  M  cos  (*  —  H*x)  ]}> 

y«  M  =  2  sin  [°  M  “  (*-,+t)‘|  x 

Xrect -—-•«[*]  sin  [?=«,  ]• 


Nt<KNt , 

M = ?  $  *4*  ?  * » *  %  4*  *?$«  •  k*  -f  -  ?$>»  •  k1  4"  Ay  *  [«] . 


(8.91) 


If  the  compression  factor  of  the  undistorted  signal  is  taken  as 
50,  the  calculated  values  of  the  constants  are  N  *  200,  «  80, 

N2  -  120,  y2Q  =  3.93-10'3. 
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Usually  In  a  radar  the  process  from  output  of  the  matched  filter 
is  subjected  to  additional  ii  :i>  ar  filtration  with  the  aim  of 
L'  .ppressing  the  side  lobes  of  che  output  pulse.  When  using  weighted 
treatment  for  suppressing  It  .-iral  lobes,  the  weight  function  of  the 
second  linear  filter  has  th  form 


mo = »  (o [» (t  -  £)+«(/+ £•)] . 

Pto  —  0,425. 


(8.92) 


The  discrete  rate  function  h0[i]  5  h2(ibt),  when  the  quantity 
is  then  equal  t  j 


hi  1*1  =  S  [i\  -\-p$  {5  {i— 4]}. 


(8.93) 


and  the  discrete  processes  at  output  of  the  second  linear  filter  are 
described  by  expressions 


[*] —  V  Uxc\f(]ha[i —  k\  — 

—  !fic  W  +  Pt>  \y ic  [/— 41  -}-  */ic  [i  +  4]}, 

M  =  y»  M 4-  P<t>  {yx .  [/  -  4]  +  yt ,  [l  +  4]}, 

Nt+4<ikNa~ 4. 

(8.9*0 

In  accordance  with  (8.76)  and  (8.77),  in  order  to  determine  the 
discrete  envelope  and  discrete  phase  modulation  of  the  process  at 
output,  we  must  calculate 


(8.95) 


*Z{y*  M}  =  arctg|j-*|j. 


375 


Let  us  note  that  in  order  to  exclude  the  operation  of  suppressing 
side  lobes  of  a  signal,  it  is  sufficient  to  assume  =*  0. 

All  discrete  signals  in  the  model  represent  actual  continuous 
signals  and  are  connected  with  them  by  a  Kotel’nikov  series  (8.^0); 
therefore,  when  it  is  necessary  to  obtain  Intermediate  values  of 
signals  at  points  i  +  nM,  jn^l  <  1,  we  should  perform  interpolation 

* 

where  F[k]  is  the  interpolated  signal. 

Figure  8.2  presents  a  simplified  block  diagram  of  the  part  of 
the  model  described,  for  one  receiving  channel.  In  the  signal  unit 
(BC)  the  following  quantities  are  calculated: 

Ac  (1  -f  AS  [/<]),  H  #  [x]  =  -f  <?,*»•#*-{- 

H- ?**•«*+ Ay*  M 

[m  ■  and] 

for  ^  k  i  f •  Quantities  Ac>  AS[k],  A^Ck]  are  given  by  table  or 
are  calculated  in  other  units  of  the  model,  depending  upon  the  purposes 
of  the  study.  Units  of  the  matched  filters  (BDt-l  and  BDt-2)  perform 
the  operation  (8.91)  and  the  weighted  processing  unit  (660)  the 
operations  in  (8.9*0.  Two  square-law  function  generators  and  the 
add  circuit  represent  the  amplitude  quadratic  detector.  If,  however, 
it  is  necessary  to  model  a  linear  amplitude  detector,  at  output  of  . 
the  add  circuit  the  unit  which  extracts  the  square  root  is  connected. 

Later,  when  we  study  the  block  diagram  of  a  model  of  a  specific 
scanning  monopulse  radar,  the  6C4>  and  BBO  units  will  be  designated 
BOO  (optimal  processing  unit);  the  two  square-law  function  generators, 
the  add  circuit,  and  the  square-root  extraction  unit  will  be  called 
the  amplitude  detector  unit  (BAH). 


376 


Fig.  8 .2.  Block  diagram  of  a  model  of  one  receiving  channel  in  a 
scanning  monopulse  radar. 

KEY:  (1)  Noise  generator;  (2)  Add  circuit.  ' 


§  8.4.  MODELS  OF  AMPLITUDE-AMPLITUDE  AND  AMPLITUDE 
SUM-DIFFERENCE  SCANNING  RADARS 


The  block  diagram  of  an  amplitude-amplitude  scanning  radar  is 
presented  in  Fig.  1.12  and  the  block  diagram  of  the  model  of  this 
station  is  presented  in  Fig.  8.3  in  order  to  evaluate  the  accuracy 
of  angular  coordinate  determination  when  direction  finding  in  one 
plane. 

./ 


Fig.  8.3*  Block  diagram  of  a  model  of  an  amplitude-amplitude  scanning 
monopulse  radar  for  determining  coordinates  in  one  plane. 

KEY:  (1)  Subtraction  circuit;  (2)  Noise  generator;  (3)  Division 
circuit;  (4)  Add  circuit. 


Of  Jnarl°r:rr  T  f01,mUla  U-39)'  in  ^  *»  »  evaluation 

model  41  I  4  ,  deVlatlm  oqulslgna!  direction,  in  the 

model  the  following  ratio  is  used 


Qj— 


W4])-*{*[4]} 

M4]}+*Wt]}  ’ 


(8.97) 


"h6re  4*[4]}  4’  [4]}  •»  the  values  of  signal  envelopes  at 

outputs  of  the  amplitude  detector  units  for  the  first  and  second 
channel  when  1  =  ?,  which,  with  undlstorted  Input  signal,  corresponds 

o  the  maximum  value  of  the  output  signal  envelope.  I„  4  iT  1  36 
they  are  designated  as  u,  (0)  and  u  (a)  *«  ormuxa  U.3&J 

in  each  of  ^  2(0)»  respectively  At  model  input 

of  these  cycles  with  respect  to  J,  input  signals  are  given: 


sl*j  M  —  W)cos4*J(«J,  * 

1 M  .= K)  (I  +  as"  M)  cos  a>“  I*), 


(8.98) 


where 


*5i"’Ml=  <?+ C*-*+ 

+C  1*1, 

A'.=o„P,{ty,  A"=o,,f^ S),- 

a  j  Is  the  coefficient  assigning  the  value  of  the  signal/noise 
ratio  in  accordance  with  (8.65). 

Radiation  patterns  P^e)  and  F  (e)  can  be  given  by  table  or  by 
corresponding  formulas.  y 

The  quantities  AS, [JO,  a,  , .  a  6  ,  A.  r,  , 

which  determine  amplitude  and  phase^tortio^  of  i^put  sisals  can 
oe  g  ve„  Independently  in  both  channels  or  in  o„iy  channel  l„ 
the  latter  case,  they  will  represent  the  relative  distortions  of  the 
characteristics  of  one  channel  with  respect  to  the  other. 


envelopes  My^Ci]}  and  Liy^Ci])  of  processes  at  outputs  of 
the  first  and  second  channels  are  obtained  in  the  model  according 
to  the  algorithms  described  in  paragraph  8.3.2. 

The  angle  of  target  deviation  from  equisignal  direction  0. 

V  J 

is  determined  according  to  the  * alue  obtained  for  (8.97)  from 
the  direction  finding  characteristic,  equal  to 


Fi  (6)  +  Ft  (8) 


(8.99) 


A  block  diagram  of  an  amplitude  sum-difference  scanning  monopulse 
radar  is  presented  in  Fig.  1.13  and  the  block  diagram  of  the  model 
in  Fig.  8.4. 


In  reference  [55]  it  is  shown  that  antenna  radiation  patterns 
for  the  sum  and  difference  channels  are  determined  according  to  the 
diagrams  of  the  first  and  second  channels  with  the  aid  of  a  matrix 
equation 


(f,m\ 

VfW/  V'M 


(8.100) 


where  complex  quantity  *  ,  (ij  =  1,  2)  gives  the  amplitude  and  phase 
nonidentity  of  the  difference  waveguide  bridge.  If  we  designate 


j  =  Tt»j  exp  1 


then  from  (8.100)  we  obtain 


/c(0)H^;(O)expli?c(0)},- 


(8.101) 


where 


^(6)  =  hi  cos  <?ltFt  (0)  +  7),,  cos  Ft  (0)]*  4. 

+  hit  s!n  9iA  (°)  sin  ?13 F ,  (0)]*, 

ce  fflV-nrctg  sin lull  ± 3ll sin  t9>  . 
?c  W  ^  arClS  ilu  cos  hlFt  (3)  +  7j,t  cos  htFt  (8)  • 


(8.102) 
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fj(8)  =  fan  cos  <fnFt  (6)  —  sq*  coscp„F,  (8)]? + 
-f-  (t]wsm  f»tFt  (8)  -7  tjm  sin  ?«F»  (0))*> 

?p(8)  —  arctg ~0S ?|if| (9) _ ^ c{* f„F, (»)  • 


(8.103)' 


Fig.  8.4.  Block  diagram  of  a  model  of  an  amplitude  sum-difference 
scanning  monopulse  radar  for  determining  coordinates  in  one  plane. 

KEY:  (1)  Division  circuit;  (2)  Add  circuit;  (3)  Sum  signal  unit; 

(4)  Subtraction  circuit;  (fi)  Noise  generator;  (6)'  Difference  signal 
unit. 

,  i  .  1 

i  1  . 

The  waveguide  bridge  ia  strictly  balanced  if  n.y  =  1,  ff1^  85  0. 

t 

In  accordance  with  equalities  (8.101),  :(8.102)  and  (8.103),  when 
modeling,  in  each  cycle  the  two  input  signals  should  be  given: 


« „  o  j  i*i  =■  ai  ,  o + as;  cos  m  , 

+4s'M)c°s4';  m. 


(8.104) 


where 
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1  i 


1 


I 


I 


,  li  mmi 


\j—aiiFc{fyt  A^—a,,  jFp(0); 

*5 M  =  •*?  J+  ?l  >i‘Kjr-  *J  ti'K* +fj + 

+^jl«l+?c(l>); 

,..  +A?^M+?p(0). 


Signals  (8. 104)  mixed  with  noises  give,  at  output  of  the  linear 
part  of  the  model,  processes  y^Ci]  and  y|t[i],  represented  by 
two  orthogonal  components  (8.94),  each  in  accordance  with  algorithms 
examined  in  paragraph  ’8. 3. 2. 


In  order  to  evaluate  target  deviation  from  equisignal  direction, 

i 

processes  are  Used,  as  indicated  in  Chapter  1,  at  phase  detector 
output  and  at  sum  channel  output.  To  model  the  process  at  quadratic 
phase  detector  output,  it  is  necessary  to  calculate 


w +£!*»■ 

-tl*  {»:,!■] -*w}- 


(8.105) 


At  linear  detector  output  we  must  determine 


’  J»rfW=-rifo;jW+»rfW>~ 


(8.106) 


After  this,  in  accordance  with  formula  (1.43),  to  determine 
the  target  deviation  angle  from  equisignal  direction,  the  following 
ratio  is  computed: 


•  «&[4] 


I  ! 


I 


or 


(8.107) 


where  *s  fc^e  value  of  the  sum  signal  envelope  at  output  of 

the  amplitude  detector  unit. 


v* 

Target  deviation  angle  from  equisignal  direction  9j  is  determined 
basedl  on  the  value  obtained  for  Tj  from  the  direction  finding  char¬ 
acteristic 


(8.108) 


Methods  of  assigning  various  types  of  amplitude  and  phase 
distortions  for  input  signals  and  methods  cf  processing  results 
are  determined  by  the  specific  purpose  of  the  study,  as  well  as  the 
purpose  and  characteristics  of  the  radar,  and  we  shall  not  discuss 
them  here. 


CHAPTER  9 


AREAS  OF  APPLICATION  AND  CERTAIN \CHARACTERI ST I CS 
OF  FOREIGN  MONOPULSE  RADARS 

Monopulse  systems,  as  Indicated  above,  have  high  accuracy,  noise 
immunity,  and  rapid  action.  Because  of  these  advantages  they  have 
found  wide  application  in  guidance  and  control  systems  of  rocket 
weapons,  ballistic  and  space  target  interception  systems  and  satellite 
tracking  systems. 

In  this  chapter  we  shall  examine  monopulse  radars  for  these 
systems,  about  which  we  have  information  from  foreign  and  domestic 
literature. 

§9.1.  RADARS  FOR  TRACKING  BOTH  BALLISTIC  AND 
SPACE  TARGETS 

The  first  monopulse  radar  used  in  the  USA  for  tracking  ballistic 
rockets  and  artificial  satellites  is  the  AN/FrS-16  [73,  89].  The 
antenna  system  of  this  set  consists  of  a  parabolic  reflector  and  a 
four-hern  feed  (Fig.  9*1).  Tracking  is  carried  out  in  two  planes. 

In  double  waveguide  bridges  the  sum  and  two  difference  signals 
are  processed,  then  amplified  and  multiplied  in  the  phase  detector. 

The  error  signals  obtained  are  used  for  bringing  into  motion  the 
antenna  drive,  i.e.,  the  AN/FPS-16  is  an  amplitude  sum-difference 
monopulse  target  tracking  radar. 

The  characteristics  of  many  AN/FPS-16  radars  presently  in  ' 
operation  have  been  considerably  improved  as  a  result  of  a  whole 
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series  of  modifications.  In  the  antenna  between  the  feed  and  the 
reflector  a  polarization  device  has  beer,  installed  for  transforming 
the  linear  polarization  of  the  signal  into  circular  polarization; 
in  the  receiving  device  an  improved  crystal  mixer  has  been  used  and 
a  parametric  amplifier  which  reduces  the  noise  factor  to  5  dB.  The 
main  tactical  and  technical  characteristics  of  the  AN/FPS-16,  for 
both  versions,  are  presented  in  Te  ^le  9.1. 

Based  on  the  perfected  -AN/PPS-16  ■,  .the  AN/FPQ-6  has  been  developed 
(Pig.  9.2);  the  main  tactical  and  technical  characteristics  of  this 
set  are. also  presented  in  Table  9.1. 


Fig.  9.1.  The  AN/PPS-16  radar  antenna. 

t 

» 

The  parameters  of  the  AN/FPQ-6  are  being  improved  with  the  aim 
of  increasing  target  tracking  range  by  using  a  cooled  parametric 
amplifier,  doubling  the  transmitter  power,  and*. using  the  method  of 
pulse  compression.  It  is  to  be  expected  that  these  improvements  will 
lead  to  an  effective  target  range  from  o  .  .  «*  1  m2  to  3^00"  km. 
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KEY:  (1)  Indices  for  various  types  of  radar,;  (2)  Main  characteristics 
(3)  First  ve'rsion;  (4)  Modified  version;  (5)  Effective  target  range 
with  ct3(^  =  1  tn2,  km;  (6)  Operating  frequency,  KHz;  (7)  Long  wave 

(’438  MHz)  and  short  wave  sections  of  decimeter  range;  (8)  Pulse 
power,  Mwj  (9)  Several  megawatts;  (10)  Pulse  repetition  frequency, 

Hz;  (11)  Pulse  width  ps;  (12)  Receiver  noise  factor,  dB;  (13)  Range 
error,  m;  (14)  Angular  coordinate  error,  angleTdn. ;  (15)  Antenna 
diameter,  m;  (16)  Radiation  pattern  .width,  deg;  (17)  Antenna  amplifi¬ 
cation  factor,  dB;  (18)  Antenna  feed;  (19)  four-horn;  (20)  five-horn. 
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Fig.  9.2.  Overall  view  of  AN/FPQ-6  radar. 

The  monopulse  AN/FPS-49  radar  in  the  early  warning  BMEWS  system 
is  designed  for  detecting  and  tracking  long-range  and  medium-range 
rockets  as  well  as  artificial  earth  satellites.  It  is  a  pulse-doppler 
radar  operating  on  two  frequencies  in  the  long  wave  region  of  the 
detonator  range  and  in  the  short  wave  region  of  this  same  range. 

In  target  search  spiral  scanning  is  used.  The  set  detects  targets 

p 

from  ®  1  m  at  a  range  of  4800  km  and  after  detecting  them 
changes  to  tracking  mode,  during  which  time  it  calculates  speed, 
direction  of  flight,  and  impact  point  if  the  carget  is  a  rocket  [36]* 

The  antenna  has  a  parabolic  reflector  25  m  in  diameter  (Fig.  9.3) 
mounted  on  a  dome  45  m  in  diameter.  The  frameless  spherical  dome 
(Fig.  9.4)  of  honeycomb  design  has  very  small  losses.  It  is  made  up 
of  1646  hexagonal  elements  15  cm  thick.  The  overall  weight  of  the 
dome  is  approximately  100  t.  It  can  withstand  windspeed  up  to  200 
km/h.  Antenna  rotation  is  accomplished  with  a  hydroelectric  drive. 
Space  scan  in  azimuth  is  360°  and  in  elevation  is  90°.  The  basic 
tactical  and  technical  data  are  presented  in  Table  9.1. 


"t 
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Pig.  9.3.  The  AN/FPS-49  radar  antenna. 


In  the  detection  mode  signals  reflected  from  a  target  and  received 
by  the  AN/FPS-49,  from  receiver  output  are  fed  to  a  system  of  infor¬ 
mation  logging  and  preliminary  processing.  Information  on  range, 
angular  coordinates,  and  doppler  rate  is  fed  into  a  preliminary 
data  processing  computer  which,  by  correlation  of  signals,  shifts 
signals  reflected  from  nonballistic  targets  and  preliminarily  dis¬ 
tinguishes  potentially  dangerous  targets  with  a  ballistic  trajectory. 
Data  on  these  targets  are  fed  into  an  IBM  7090  computer  which 
performs  the  final  solution  concerning  the  presence  of  a  target.  In 
this  computer  intercontinental  ballistic  missiles  are  separated  from 
artificial  satellites  based  on  the  rate  of  azimuth  and  range  variation 
and  also  a  comparison  of  dynamic  characteristics  of  targets  described 
in  the  memory.  The  IBM  7090  can  simultaneously  compute  the  trajectories 
of  several  hundred  targets  and  distinguish  potentially  dangerous 
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targets  on  a  background  of  false  ones.  On  the  basis  of  data  obtained, 
antenna  control  signals  are  processed  for  the  AN/FPS-^9  radars 
designed  to  track  targets. 

Based  on  the  AN/FPS-^9  radar,  a  more  advanced  radar,  the  AN/FPS-92, 
designed  for  tracking  ballistic  missiles  and  satellites,  was  developed 
for  the  BMEWS  system  in  1966.  This  radar  is  more  reliable  and  noise- 
immune  than  the  AN/FPS-49.  Semiconductor  circuits  are  widely  used 
in  its  design.  The  radar  is  equipped  with  a  device  which  ensures 
normal  operation  in  periods  of  the  aurora  polaris  [90], 


Fig.  9.4.  Antenna  dome  for  AN/FPS-49  radar. 

§9.2.  RADAR  SYSTEMS  FOR  REMOTE  TRACKING  AND 
COMMUNICATION  WITH  SATELLITES  AND  SPACE  SHIPS 

The  system  of  space  communication  and  tracking  TRAC(E)  (Tracking 
and  Communication,  Extraterrestrial)  [7],  which  provides  for 
tracking  and  maintaining  communication  with  earth  satellites,  the 
moon,  and  other  space  objectives,  has  a  monopulse  amplitude  sum- 
difference  tracking  radar  with  a  mirror-parabolic  antenna  25.5  m  in 
diameter  (Fig.  9.5).  The  antenna  feed  is  in  the  form  of  four 
turniquet  radiators  and  four  coaxial  couplers  connected  with  respect 
to  the  bridge  circuit.  Signals  received  by  these  feeds  are  added 
in  the  bridge  circuit  so  that  a  sum  and  two  difference  radiation 
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patterns  are  obtained.  The  width  of  the  sum  pattern  at  the  half-power 
level  is  on  the  order  of  1°.  To  detect  moving  targets  the  station  is 
provided  with  spiral  space  scanning  in  a  +3°  sector  with  controllable 
scanning  rate. 


% 


Pig.  9-5.  Overall  view  of  receiving  set  for  TRAC(E)  system. 

The  TRAC(E)  system  is  one-sided,  enabling  it  to  measure  angular 
coordinates,  doppler  frequency,  and  receive  telemetric  information. 

The  ground  station  of  the  system  operates  on  signals  from  a  transmitter 
on  board.  The  tracking  range  for  the  space  rocket  Pioneer  IV,  on 
board  which  there  is  installed  a  responder  with  a  power  of  0.2  W 
operating  at  a  frequency  of  960  Mhz,  is  690,000  km. 

The  monopulse  method  of  determining  angular  coordinates  is  used 
in  ground  stations  of  the  detection  and  automatic  tracking  system 
for  the  communications  satellite  Telstar  [39].  The  system  accomplishes 
multiple  transmission  of  various  coded  information  along  118  channels. 
Transmission  of  a  full  cycle  of  information  requires  1  min. 

*  Telstar  has  the  following  characteristics: 

apogee  5600  km 

perigee  1100  km 

*  orbital  information  '  ^5° 

tangential  velocity  560  km/min. 
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Pig.  9.6.  Functional  diagram  of  ground  equipment.  1  -  coarse 
guidance  station;  2  -  precise  guidance  station;  3  -  computer;  4  - 
antenna  of  automatic  tracking  station;  5  -  autotracking  system;  6  - 
control  panel. 

Two  beacons  operating  on  frequencies  of  136  MHz  and  4080  MHz, 
as  well  as j telemetric  and  communications  equipment,  are  installed  on 
the  satellite.  Signals  communicated  from  earth  to  the  satellite  are 
transmitted  on  a  frequency  of  6390  MHz  and  from  the  satellite  to 
earth  on  a  frequency  of  4170  MHz.  Telemetric  data  from  the  satellite 
is  transmitted  on  136  MHz;  the  satellite  beacon  signal  will  be 
modulated  at  this  frequency  by  telemetric  data. 


The  ground  post  of  the  system  consists  of  stations  for  coarse 
guidance,  precise  guidance,  and  automatic  tracking  (Fig.  9.6),  which 
operate  on  signals  from  the  two  satellite  beacons  [393. 


Fig.  9.7.  Antenna  of  coarse 
guidance  station. 
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Satellite  detection  and  tracking  is  accomplished  in  the  following 
manner.  According  to  data  obtained  after  launching  the  satellite, 
operators  from  the  control  panel  of  the  ground  post  direct  the  antenna 
device  of  the  command  line  (Pig..  9»7)>  used  in  the  coarse  guidance 
station,  to  a  point  where  the  satellite  is  expected  to  appear.  After 
the  reception  of  signals  from  the  beacon  on  board  the  satellite, at 
a  frequency  of  136  MHz,  the  coarse  guidance  system  changes  to  automatic 
tracking  mode.  After  this,  the  operators  send  a  series  of  commands 
which  bring  into  action  the  main  systems  of  the  satellite. 

On  the  satellite  the.  beacon  begins  to  operate  on  a  frequency  of 
^080  MHz;  its  signals  are  received  by  the  precise  guidance  station 
and  lock-on  occurs.  After  lock-on  by  the  px-ecise  guidance  station, 
itff  automatic  tracking  begins  and  the  antennas  of  the  precise 
guidance  and  automatic  tracking  stations  operate  synchronously. 


The  coarse  guidance  station  is  a  phase  sum-difference  station. 

In  addition  to  a  rough  determination  of  satellite  position,  this 
station  receives  microwave  telemetric  signals  from  it  and  the  antenna 
system  is  also  used  for  transmitting  coded  signals  to  the  satellite. 
The  transmitter  with  a  power  of  200  W  operates  in  continuous  mode. 

A  block  diagram  of  the  station  is  presented  in  Pig.  9.8. 


\ 


Pig.  -9.9.  Block  diagram  of  precise  guidance  station. 

KEY:  (1)  Lock-on  receiver;  (2)  Parametric  amplifier;  (3)  Double 
waveguide  T-joints;  (4)  Tracking  receiver;  (5)  Elevation  error  signal; 
(6)  Antenna  drive;  (7)  Azimuth  error- signal. 
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The  antenna  system  of  this  station  consists  of  four  spiral 
antennas  (Pig.  9.7).  The  width  of  the  antenna  radiation  pattern 
with  respect  to  half-power  level  is  20° .  The  high-frequency  signals 
received  by  the  spiral  antennas  are  fed  to  four  angular  waveguide 
bridges  with  the  aid  of  which  the  elevation  and  azimuth  sum  and 
difference  signals  are  formed.  Sum  and  difference  signals  are  fed 
through  high-pass  filters  to  a  three-channel  phase-sensitive  receiver. 
The  total  receiver  noise  factor  is  3.5  dB.  Conversion  to  the  first 
intermediate  frequency  30  MHz  is  accomplished  with  a  thermostatic 
heterodyne  with  quartz  stabilization,  whose  stability  is  0.0015L 
In  each  of  the  three  Independent  outputs  of  the  first  heterodyne, 
phase  is  adjusted  by  more  than  +60° .  In  order  to  preserve  phase 
coherence  between  the  sum  and  difference  signals  in  all  three 
receiving  channels,  identical  amplifiers,  converters,  generators, 
and  AGC  circuits,  developed  for  the  sum  channel  are  used.  Secondary 
converters  in  all  three  receiving  channels  convert  the  frequency 
30  MHz  to  10  MHz.  Azimuth  and  elevation  error  signals  are  fed  to 
antenna  drive. 

The  precise  guidance  station  is  an  amplitude  sum-difference 
station  whose  block  diagram  is  presented  in  Fig.  9.9.  The  antenna 
of  the  station  (Fig.  9-10)  consists  of  a  parabolic  reflector  2.4  m 
in  diameter,  a  hyperbolic  primary  radiator  0.9  m  in  diameter,  and 
four  horn  feeds.  The  width  of  the  radiation  pattern  is  2.1°. 


Fig.  9.10.  Overall  view  of 
antenna  of  precise  guidance 
station. 
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Signals  from  antenna  output  are  fed  to  four  double  waveguide 

T-joints,  with  whose  aid  the  azimuth  and  elevation  sum  and  difference 

signals  are  formed.  Sum  and  difference  sign'als  are  fed  to  thpee' 

parametric  amplifier's  and  then  to  the  tracking  receiver  in  which  1  : 

azimuth  and  elevation  error  signal  separation  occurs.  Error  signals 

then -move  to  the  azimuth  and  elevation  antenna -drives;  At  the  same 

time,  part  of  the  sum  signal  energy  moves  to  the,  lock-on  receiver 

which  accelerates  the  tracking  receiver’  s  entrance 'into  ndrmal 

operating  mode.  '  ■  | 

1  .  .  •  1 

'  i 

In  the  three-channel  tracking  receiver,  two  stages  of  frequency 

-conversion  are  used  (60  and  5  MHz)-.  The  voltage  for  the  AGC  system 

,  <  ,  ’ 

is  developed  in  the  sum  channel  and  applied  to  all  channels.  The 

r  ‘  ,  . 

‘■sign  of  the  azimuth  and  elevation  error  signal  is  determined'  by 

comparing  the  phases  of  the  sum  and  corresponding  difference  signal^ 

in  the  phase  detector.  1  i 

.  ‘  1  1 

:  *  • 

The  automatic  tracking  station  i's  also  an  amplitude  sum-difference 


monopulse  station  operating  on  a  frequency  of  4070  MHz  on  the  signal 


of  the  beacon  on  board  the  satellite.  The  block  diagram  pi  .phis 


station  is  presented  in  Pig.  9.11. 


Pig.  9.11.  Block  diagram  of  an  automatic 'tracking  station. 

KEY:  (1)  1st  heterodyne;  (2)  Parametric  amplifier;  (3)  ldt  converter; 
(i|)  Converter  of  types  of  oscillations;  (5)  Preliminary  i-f .amplifier 
(60  MHz);  (6)  I-f  amplifier  60  MHz;  (7)  2nd  converter;  (8)  I-f  amplifier 
5  MHz;  (9)  Phase  detector;  (10)  Azimuth  error  signal; ,(11) (Antenna 
drive;  (12)  Elevation  error  signal;  (13)  2nd  heterodyne. 
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A  horn-parabolic  antenna,  whose  overall  view  is  presented  in 
,Pig.  9.12,  is  used  in  the’ station.  The  antenna  consists  of  a  parabolic 
.refleqtor  irradiated  by  a  coni’cal  horn.  The  tip  of  the  horn  agrees 
with  the  focus  of  the t paraboloid;  the  axis  of  the  horn  is  perpendicular 
to  the  ax„s  of  the  paraboloid.  The  antenna  has  the  following  basic 
characteristics:  _ 


aperture  angle  of  conical  horn 

- 

31.5° 

focal  distanpe  . 

- 

18.2  m 

aperture  diametef 

- 

20.6  m 

aperture  area  :  j  . 

- 

334  m 

beam  width  (at  frequency  i}080  $Hz) 

- 

0.24°. 

■  The  antenna  is  covered  by  an  inflated  dome  65  m  in  diameter. 

1  J  ,  , 

1  1  Two  types  of  waves,  H11  and  Efll,  are  propagated  in  the  horn  on 

beacon  frequency.  For  waves  H11  there  are  both  vertically  polarized 
1  and  horizontally  polarized  .components  (i.ei,  vertically  polarized  and 

1  , 

horizontally  .polarized  waves’  of  thi's  type  are  propagated).  In  [39] 

1  it  is  shown  that  the  radiation  patterns  of  a  circular  aperture 

excited  byf  H-q  and^Q-^  waves  are  very  similiar  in  form  to  the  sum 
and  difference  patterns  of  a  monopulse  system.  The  sum  pattern  is 
formed  by ‘the  wave  and  the  difference  by  the  EQ1  wave.  The 
and  EQ1  wave  'are  separated  in  the  station  with  a  converter  of 
oscillation  types'.  Since  the  components  of  the  H11  wave  are  geometri¬ 
cally  orthogonal,  with  the  bid  of  two  hybrid  junctions,  they  are 
1  'separated  into  vertical  and  horizontal  components. 


Pig.  9.1?.  Antenna  of  automatic 
tracking  station.  1  -  upper  equip  - 
ment;.2  -  bearing  of  elevation 
rotation  device;  3  -  wheel  of. 
elevation  device;  -  parabolic 
mirror;  5  -s-  azimuth  drive  gear; 

6  -  door;  7  -  bompressors  of 
dome  inflation  systpm.  _ 

l  1  /aC® 
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Then  horizontal  and  vertical  components  are  modulated  and  amplified 

separately;  Two  of  these  sum  signals  u  ,  u  ,  along  with  the  modu- 

cx  cy 

lated  difference  signal  u^,  form  three  automatic  tracking  signals 
obtained  from  the  component  of  the  elllptically  polarized  incident 
wave.  These  three  signals  ucx,  ucy  and  u^  are  amplified  and  converted 
with  respect  to  frequency  in  independent  channels.  Each  channel 
consists  of  a  varactor  parametric  amplifier,  a  balance  mixer,  and 
a  preliminary  mixer  on  60  MHz.  Then  these  signals  on  intermediate 
frequencies  60  MHz  are  fed  'to  the  i-f  amplifier  in  which  the  difference 
signals  are  standardized-.'  Then  a  second  conversion  of  intermediate 
frequency  occurs  (to  5  MHz).  The  angular  error  in  each  plane  is 
separated  by  the  phase  detector  to  which  the  sum  ,/d  difference 
signals  are  fed.  Error  signals  move  to  the  elevation  and  azimuth 
antenna  drives,  respectively. 

The  radar  complex  Haystack,  developed  in  the  USA,  is  a  monopulse 
radar'  of  very  high  power,  designed  both  for  tracking  space  vehicles 
and  for  operating  in  the  fields  of  communication  and  radio  astronomy, 
including  obtaining  information  on  such  distant  planets  as  Mars, 

Mercury,  and  Jupiter  [36]. 

The  antenna  of  the  station  (Pig.  9.13)  consists  of  a  parabolic 
reflector  37  m  in  diameter  with  a  primary  radiator  2.85  m  in  diameter 
and  horn  feeds.  The  reflector  consists  of  separate  aluminum  panels 
of  honeycomb  design.  The  antenna  amplification  factor  is  69  dB 
and  radiation  pattern  width  is  approximately  3  angular  minutes.  The 
antenna  is  protected  from  winter  winds  and  frost  by  a  spherical 
dome  45  m  in  diameter  made  from  glass  fibre  0.76  mm  thick  reinforced 
with  aluminum. 

In  order  to  ensure  antenna  orientation  accuracy  no  less  than 
+0.3  angular  minutes  with  a  radiation  pattern  width  on  the  order  of 
3  angular  minutes,  the  use  of  a  special  hydrostatic  bearing  weighing 
approximately  24  t  is  necessary.  The  antenna  position  is  controlled 
by  a  UNIVAC-490  computer. 


The  transmitter  operates  in  continuous  radiation  mode  or  by 
pulses  of  long  duration  and  has  an  average  output  power  of  106  kVf 
and  working  frequency  of  7750  MHz. 

Weak  signals  are  received  with  the  aid  of  several  paramagnetic 
amplifiers  (masers)  and  parametric  amplifiers  which  can  bt-.  cooled 
to  the  temperature  of  liquid  helium. 


Pig.  9.13.  Haystack  antenna  complex. 

KEY:  (1)  Detachable  box, 

§  9.3.  RADARS  OP  THE  ANTIMISSILE  DEFENSE  SYSTEM 

At  the  present  time  the  USA  has  developed  and  is  using  in  their 
antimissile  defense  system  the  Nike-X,  designed  for  the  defense  of 
large  cities,  industrial  centers  and  concealed  rocket  bases  where 
the  Atlas,  Titan',  and  Minuteman  rockets  are  located. 


The  basic  elements  of  the  Nike-X  system  are  the  MAR,.  TASMAR, 
PAR,"  MSR  radars,  the  Spartan  and  Sprint  antimissiles a,  computer 
for  processing  data  obtained  during  target  tracking  and  used  for 
guiding  the  antimissile  missile  [36,  69,  79.]-,  These  elements-  are  . 
assumed  to  be  in  the  antimissile  defense  system  Nike-X,  designed 
for  protecting  the  territory  of  the  USA  from  massive  rocket  and 
nuclear  'attack.  This  system  will  be  deployed  in  the  second  stage 
of  the  antimissile  -defense  system  creation.  In  the  first  stage  the 
Department  of  Defense  made  the-  decision  to  deploy  the  "limited" 
safeguard  system  with  the  introduction  period  in  1972-1973. 


Pig.  9.1*1.  Elements  of  the  "limited"  ABM  sys tern ,y  the  Safeguard. 

KEY:  (1)  Decoy;  (2)  Spartan;  (3)  Warhead;  (4)  Sprint;  (5)  Communications 
link;  (6)  Computer  complex;  (7)  Atmosphere. 


The  Safeguard  ABM  system  will  have  the  PAR  and  MSR  radars,  a 
computer  complex  consisting  of  several  computers,  15-20  launch  posi¬ 
tions  for  the  Spartan  antimissile  missile  (to  intercept  warheads  beyond 
the  dense  layers  of  atmosphere)  and  for  the  Sprint  (to  intercept 
warheads  at  low  altitudes),  and  a  communications  line  (Fig.  9.1^). 


The  MAR  raultioperation’al  radar,  in  the  case  of  a  massive  enemy 
missile  attack  using  advanced  means  of  ABM  system  penetration,  solves 
the  following  problems:  performs  search  and  detection  of  targets 
at  !a  range  of  approximately  3000  km,  target  tracking  and  identification 
of  warheads  from  decoys,  and  guidance  of  antimissile  missiles.  The 
MAR  radar  has  to  serve  several  launch  positions  for  the  antimissile 
missiles  and  is  located  25  km  from  them. 

The  MAR  equipment  is  mounted  in  an  underground  reinforced  concrete 

2 

site  with  a  useful  area  of  6000  m  and  under  three  protective  domes 
(Fig.  9.15).  Under  the  large  dome  is  the  receiving  equipment  and 
under  the  two  smaller  ones  the  transmitting  equipment.  In  the  walls 
of  the  large  and  one  of  the  two  small  domes  are  "windows"  in  which 
antennas  made  in  the  form  of  phased  arrays  are  mounted. 


?v, .  « ‘  s.  ’  \ 
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Fig.  9.15.  Overall  view  of  MAR  station.  1  -  large  dome;  2  -  small 
domes. 


The  TASMAR  radar,  which  is  a  somewhat  simplified  version  of  the 
MAR,  solves  the  above  listed  problem  during  a  less  than  massive 
missile  attack  using  less  advanced  means  of  ABM  system  penetration. 
The  radar  is  located  in  one  building  30  m  high  and  occupies  one  area 
of  75  x  75  m. 


The  PAR  radar  serves  for  very  remote  target  detection  and  also 
for  guiding  the  Spartan  antimissile  missile,  designed  to  intercept 
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targets'  on  distance  approaches  to  the  defended  objective  (at  a  range 

of  up  to  960  km).  The  PAR  has  separate  receiving  and  transmitting 

/  •  "  v.  1 

phased  arrays  and  will  probably  operate  on  frequencies  in  the  upper 

part  of  the  meter  range  (Pig.  9*16).  Antenna  arrays  are  located  on 

two  faces  to  provide  scanning  in  azimuth  l8o0'.  The  larger  array  is 

the  receiving  array. 

The  MSR  radar  also  has  a  phased  antenna  array  and  makes  possible 
the  simultaneous  guidance  of  a  large  number  of  Sprint  and  Spartan 
antimissile  missiles  (Pig.  9.17).  This  station  is  unique  in  the 
system,  in  which  a  common  phased  array  operating  on  transmission  and 
reception  is  used.  The  radar  is  located  directly  at  launch  position. 
Probably  four  MSR  radars  would  fit  on  one  MAR.  In  case  of  necessity, 
the  MSR  can  be  replaced  by  the  TASMAR. 


[  GRAPHIC'  NOT  REPRODUCIBLE  _J 

Fig.  9.16.  Overall  view  of  PAR. 

In  the  initial  period  of  deployment  of  an  ABM  system,  each  of 
its  radars  will  have  two  transmitting  and  two  receiving  arrays, 
providing  azimuth  scan  of  180°. 


Pig.  9.17.  Overall  view  and  arrangement  of  equipment  in  the  building 
housing  the  MSR.  A  -  antenna  array. 


Since  the  problem  of  distinguishing  the  head  of  the  missile  on 
a  background  of  decoys  is  one  of  the  most  important  in  the  creation 
of  an  ABM  system,  a  great  deal  of  attention  has  been  given  in  the  USA 
to  building  radars  for  target  identification. 
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Thus,  the  Rampart  monopulse  radar  has  two  transmitters  with  a 
total  power  of  24  MW  which  operate  on  one  antenna  18  m  in  diameter 
(Pig.  9.18).  Radiation  is  on  a  frequency  of  3032  MHz.  The  antenna 
has  an  amplification  of  52  dB  [36]. 

The  emitted  pulse  consists  of  ten  separate  pulses,  each  1  ys 
in  duration,  spaced  1  MHz  in  frequency.  The  front  of  eaoh  pulse 
coincides  with  the  drop  of  the  preceding  pulse  so  that  the  signal 
emitted  appears  as  one  pulse  10  ys  in  duration.  Signals  reflected 
from  a  target:  and  received  by  the  radar  receiver  are  fed  from  its 
output  to  visual  indicators  and  are  recorded  on  tape  or  paper  tape, 
and,  in  digital  form,  on  magnetic  tape. 

A  more  modern  experimental  radar  for  identification  than  the 
Rampart  is  the.Tradex,  designed  for  studying  complex  targets  and 
identifying  warheads  at  ranges  to  3200  km  [36]. 

The  overall  view  of  the  antenna  for  this  radar  is  presented  in 
Pig.  9.19.  A  two-frequency  method  of  operation  is  used,  with  which 
two  transmitters  operate  simultaneously.  The  first  transmitter  with 
a  pulse  power  of  4  MW  operates  on  a  frequency  of  425  MHz.  The 
second  transmitter  operates  on  1320  MHz  and  has  a  pulse  power  of 
1.25  MW.  Pulse  repetition  frequency  is  1500  Hz. 
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Search  and  detection  of  target  are  carried  out  at  1320  MHz. 

At  this  frequency  pulses  broaden  during  radiation  and  contract  during 
reception.  With  a  pulse  expansion  factor  of  50,  a  50-fold  increase 
in  the  energy  of  the  emitted  pulse  is  achieved  with  the  same  pulse 
power  of  the  transmitter.  After  reception  the  pulse  is  compressed 
by  a  factor  of  50. 

Target  tracking  is  accomplished  by  the  raonopulse  method  at 
425  MHz.  Data  obtained  during  target  tracking  are  stored  and  converted 
to  digital  and  analog  form  for  use  by  computers  and  operators. 

To  analyze  a  complex  target  containing  a  large  number  of  separate 
parts,  data  on  all  elements  of  the  complex  target  are  stored  in  the 
i-f  channel.  Upon  target  lock-on  30  successive  range  strobe  pulses 
are  generated;  the  signals  in  each  strobe  are  stored  from  pulse  to 
pulse  on  a  magnetic  disk  in  accordance  with  the  sequential  position 
of  each  strobe.  Information  is  given  in  the  form  of  a  continuous 
sequence  of  signals  corresponding  to  the  doppler  frequencies  of  the 
targets  in  each  strobe.  The  simultaneous  use  of  frequency  and  time 
methods  of  analysis,  i.e.,  range  strobing  and  narrow-band  filtration 
in  the  i-f  channel  provides  high  resolution. 

Because  of  this  high  resolution,  the  wide-band  range  tracking, 
and  the  narrow-band  tracking  based  on  doppler  frequency,  data  on 
dimensions,  target  shape,  forward  speed,  rotational  velocity,  and 
acceleration  can  be  obtained  from  the  statements  of  the  developers. 

§  9.4.  RADARS  FOR  GUIDING  ANTIAIRCRAFT  ROCKETS 

Monopulse  radars  are  widely  used  in  American  and  British  systems 
for  guiding  ground-to-air  rockets  (Nike-Ajax,  Nike-Hercules,  Bloodhound) 
and  in  ship  systems  for  controlling  the  fire  of  antiaircraft  rocKets 
(Tartor,  Talos,  Terrier). 

The  Nike-Ajax  system  includes  a  circular  scan  section,  a  target 
tracking  section,  and  an  antiaircraft  rocket  t uidance  section  (ZUR), 
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the  last  two  of  Which  are  monopulse  stations  MPA-4  [98].  These  sets 
operate  on  9100.  MHz  (X  *  3*3  cm),'  and  have  lens  antennas  1.9  m  in 
diameter  and  a  beam  width  of' 1.2°.  The  external  view  of  the  antenna 
is  presented  in  Fig-.  9.20.  Pulse  power  of  the  transmitter  is  200  kW. 
Pulse  width  is  0.25  Ps  and  repetition  frequency  is  2000  Hz. 


Fig.  9.20.  Antenna  for  Nike-AJax  Fig.  9-21.  Antenna  for  Nike- 
tracking  system.  Hercules  guidance  system. 

The  Nike-Hercules  [91,  114]  has  a  target  detection  radar  and 
a  monopulse  ZUR  guidance  station.  A  spherical  antenna  system  with  a 

double  lens  (,Fig.  9.21),  enclosed  in  a  dome- of  silicone  resin  is 

used  in  the  guidance  station. 

* 

In  the  modified  ZUR  guidance  radar  the  transmitter  power  has 
been  increased  and  the  antenna  dimensions  almost  doubled  (i.e.,  its 
aperture  is  8m).  fhe  modified  Nike-Hercules  system  is  capable  of 
acting  not  only  against  aircraft  but  also  against  rockets;  rockets  are 
detected  at  a  range  of  300-1000  km. 

In  the  English  Bloodhound  system  a  two-channel  radar  station 
is  used  for  illuminating  and  guiding  ZUR  (Fig.  9.22)  while  accomplishing, 

at  the  same  time,  target  tracking  and  rocket  guidance.  In  this 
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station  there  is  a  channel  in  the  -10-cm  range  with  horizontal  polari¬ 
zation  and  with  a  wide  beam  for  lock-on  atiii  initial  tracking  (from 
2  to  6°)  and  a  channel  in  the  3-cm  range  with  circular  polarization 
and  a  narrower  beam  (1°)  for  precise  tracking  and  target  illumination. 
An  antenna  with  a  parabolic  reflector  2.15  m  in  diameter  and  a  four- 
horn  feed  is  used  in  the  radar.  Repetition  frequency  and  working 
frequency  can  be  changed;  three  frequency  types  and  six  repetition 
frequencies  are  available. 


Pig.  9.22.  Bloodhound  guidance 
system  radar. 


\ 

Pig.  9.23.  The  AN/SPG-51  fire  Pig.  Q.24.  The  AN/SPG-H9  tracking  \ 
control  radar.  radar.  ' 

After  target  detection  the  radar  goes  into  precjse  tracking 
mode.  Its  data  are  fed  to  the  computer,  which  works  out  the  commands 
for  rocket  launch  and  control  in  the  initial  stage.  In  the  final  stage 


of  flight  the  rocket  is  brought  to  -a  semiactive  self-guidance 
mode  on  signals  reflected  from  the  target. 

Monopulse  radars  with  lens  antennas  have  found  wide  application 
in  ship  systems  for  controlling  the  firing  of  antiaircraft  rockets. 

In  the  Tartor  system  the  AN/SPG-51  monopulse  radar  is  used  to  n 

control  firing  (Pig.  9.23),  which  ensures  automatic  lock-on  and 
target  tracking  [92],  Several  seconds  before  launch  the  intensifying 
beam  is  turned  on  and  the  rocket  is  guided  by  signals  reflected  from 
the  target.  For  tracking  and  intensification,  one  parabolic  reflector 
antenna  2.4  m  in  diameter  is  used. 

In  the  Talos  system,  to  detect  the  targets  and  guide  the  ZUR, 
the  monopulse  AN/SPG-49  (Pig.  9.24)  is  used  [70,  115].  In  -1958  a 
new  AN/SPG-56  was  developed  for  this  system.  Lens  antennas  are  used 
in  the  stations,  forming  simultaneously  both  the ’lock-on  and  target 
tracking  beam  and  the  tracking  beam  used  during  the  flight  of  the 
ZUR j  therefore,  they  can  simultaneously  guide  to  a  target  two  or  more 
ZUR. 

In  the  AN/SPG-49  a  magnetron  with  a  power  of  4  MW  is  used,  and 
in  the  AN/SPG-56  a  klystron  with  an  average  power  of  several  kilowatts. 

In  the  Terrier  system  [99]  for  guiding  antiaircraft  rockets 
an  AN /SPG- 5  /Pig.  9.25)  is  used  and  since  1957  an  AN/SPG-55  witn 
lens  antennas'.  Powerful  klystrons  with  an  average  power  of  several 
kilowatts  are  used  in  the  transmitters.  These  radars  have  long  range, 
altitude,  high  accuracy,  and  stability  in  guiding  rockets  launched 
in  groups  or  singly*. 

§  9.5.  A  RADAR  FOR  DETECTING  GROUND  TARGETS  ON 
THE  LOCAL  BACKGROUND 

In  1958  the  USA  developed  a  phase  sum-difference  experimental 
monopulse  radar  for  detecting  and  determining  the  distance  to  ground 
targets  on  a  background  of  interfering  reflections  from  vegetation  ^ 
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[59].  The  block  diagram  of  this  station  is  illustrated  in  Pig.  9.26 
and  jts  basic  characteristics  are  presented  in  Table  9.2. 


Pig.  9.25.  The  AN/SPQ-5  anti¬ 
aircraft  rocket  guidance  radar. 


Table  9.2. 

Basic  characteristics 

Working  frequency 
Pulse  power 
Pulse  width 
Repetition  rate 
Intermediate  frequency 
I-f  amplifier  bandwidth 
Receiver  noise  factor  in 
each  channel 

Diameter  of  each  parabolic 
antenna  reflector 
Antenna  amplification 
Radiation  pattern  width 
in  azimuth 
in  elevation 


Indices 

35000  MHz 
35  kW 
0.06  ps 
4000  pulse/s 

60  MHz 
20  MHz 

18  dB 

61  cm 
44  dB 

3° 

1° 


The  antenna  system  is  a  double  parabolic  reflector  with  two 
horn  feeds  whose  centers  are  spaced  61.4  cm  In  the  horizontal  plane 
for  signal  phase  comparison. 


Signals  reflected  from  the  target  move  from  the  antenna  system 
output  to  the  double  waveguide  T-joints  in  which  summation  and 
subtraction  of  high-frequency  signals  is  performed;  then,  the  converted 
signals  are  fed  to  the  two-channel  receiver  at  whose  output  sum 
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and  difference  video  signals  are  obtained.  The  electronic  switch  at 
receiver  output  ensures  the  simultaneous  indication  of  sum  and 
difference  video  signals  on  the  indicator.  . 
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Pig.  9*26.  Block  diagram  of  a  ground^  target  detection  radar. 

KEY:  (1)  Send-receive  switch;  (2)  Mixer;  (3)  Sum  channel  recfeiveiV; 

(4)  Magnetron;  (5)  Modulator;  (6)  Synchronizer;  (7)  Electronic  switch; 
(8)  Video  signals  of  sum  and  difference  channels;  (9)  Ifeterodyne; 

(10)  ASC;  (11)  Difference  channel  receiver;  (12)  Two  indicator  sweep 
synchronization.  •  1 


Fig..  9.27.  Antenna  of  ground 
target  detection  radar. 


Pig.  9.28.  Oscillqgrams  of \ video 
signals  at  radar  output,  a)  with 
conical  scanning;  b)  suln  channel( 
in  monopulse  radar;  c)  difference 
channel.  •'  i 


Figure  9.28  illustrates  data  on1  the  simultaneous  variation  of 
video  signals  in  sum  (b)  and  difference  (c)' channels  during  reflection 
from  a  truck  on  a  background  of  thick  bushes  and- woods.  TJhe  observa¬ 
tion  results  were  compared  with  data  obtained  with!  a  T-47  radar  with 
conical  scanning,  located  beside  the  monopulse  radar.  The  video  pulses 
at  receiver  output  for  the  radar  with  conical, scanning  are  shown 


X 
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in  Fig.  9.28a.  The  distance  between  the  truck  and  the  radars  was 
7*50  m,.  .*  . 

.  1 

As  seen  from  Fig.  9.28a  the  detection  of  a  truck  on  a  background  f 

of  bqshes  with  a-  radar  having,  conical  beam  scanning  is  practically  1 

impossible! due  t,o  the, very  high  level  ‘of  interfering  reflections,  I 

A  monopulse  station  correctly  detects  such  a  target  based  on  the-  I 

maximum  value  of  the  sum  signal  (d)  and. the  absence  of  a  difference  I 

*  s ignal .  ,  The  signal  (e)  fallowing  the  signal  from  the  truck  is  caused  I 

by  a  reflection  ! from  the  side  of -the  road  behind  the  truck.  I 

1  t  I 
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